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ABSTRACT 
Transitional nitrides, ZrTiN alloys, are strong candidate buffer layers for AlxGa1-xN 
(0≤x≤1) and InxGa1-xN (0≤x≤0.14) on sapphire substrates. ZrTiN thin films are metallic, 
highly reflective in the important UV-NIR range, have high melting points, and are 
chemically resistant materials. They form under the cubic crystal structure with an 
effective lattice constant in the (111) plane matching the c-plane oriented AlGaN and 
InxGa1-xN within the above mentioned compositional range.  
In this research, we deposited (111)-oriented ZrTiN thin films across the whole 
compositional range by DC magnetron sputtering. The effect of growth parameters such 
as target power, chamber pressure, growth temperature, and N2 flow rate on thin films 
orientation and crystal quality were investigated. The resulting ZrTiN thin films are of 
high crystallinity, as indicated by low rocking curve X-ray diffraction (111) peaks with 
FWHM values of 14~22 arcsec. ZrTiN thin films have 0.3~ 3 nm roughness with well-
ordered surfaces, indicated by streaky or spotty reflection high-energy electron 
diffraction patterns. 
As an attractive lower-cost substitute plasmonic material for Au and Si, the optical 
properties of ZrxTi1-xN thin films were characterized using multiple wavelength 
spectroscopic ellipsometry at various incidence angles. A Drude model plus Lorentz 
oscillators are employed to extract the optical constants for our thin films. ZrxTi1-xN 
optical properties are found to be dependent on film thickness, growth temperature, and 
film composition. Our ZrxTi1-xN thin films are highly reflective with 90% reflection in 
 vii 
 
the visible to near IR region and very conductive with a near bulk low resistivity of ~ 14 
µcm.  
GaN thin films with a thickness of ~ 0.5 micron are grown on developed ZrN, TiN, 
and lattice matched ZrxTi1-xN (x=0.8) buffer layers by plasma-assisted molecular beam 
epitaxy. Smooth GaN layers with 2D RHEED patterns are achieved. We show that In 
flux during GaN deposition acts as a strong surfactant resulting in films with improved 
crystallinity quality with XRD (0002) and (11ത01) peaks having RC FWHM of 572 and 
1915 arcsec respectively. PL measurements from GaN less than 300 nm thick have a 
FWHM of 106 meV, matching that from 5~7 μm HVPE grown GaN templates. 
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Chapter 1  
Introduction 
In this chapter, I will give a brief introduction to the III-nitride material systems, give 
the motivation for this research, state its objectives, outline the challenges associated 
with their implementation, and conclude with a summary of the following chapters.   
1.1 III-nitride Semiconductors  
1.1.1 Properties 
Group-III nitrides, AlN, GaN, and InN, are direct wide band gap materials. Their alloys, 
InGaN and AlGaN, have a tunable energy band gap ranging from 0.7 eV to 6.2 eV 
which covers almost the whole solar radiation spectrum from deep UV to near infrared 
[1]. III-nitride crystal thermodynamically favors the wurtzite structure, which consists 
of two interpenetrating hexagonal close packed (hcp) sublattices each with either group 
III or N atoms. The most-common growth plane is that which is normal to the c axis 
direction and an in-plane lattice constant a. Figure 1.1 shows the energy band gap with 
in-plane lattice constant a of III-Nitrides. Table 1.1 lists the properties of Si, GaAs, and 
GaN. Compared to Si and GaAs, GaN has ten times higher breakdown field and 
absorption coefficient near the band gap. The significantly higher melting point of GaN 
when compared to Si and GaAs is highly promising in high-temperature device 
applications. 
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Table 1.1 Si, GaAs and GaN properties [2] 
Properties Si GaAs GaN 
Bandgap Eg (eV) 1.1 1.4 3.4 
Relative Dielectric constant 11.8 12.8 9.0 
Breakdown Field (×105 V/cm) 2.5 3.5 35 
Electron Mobility  (cm2/V-sec) 1350 6000 1000 
Hole Mobility (cm2/V-sec) 450 330 300 
Thermal conductivity (W/cm-K) 1.5 0.46 1.7 
Melting temperature (C) 1414 1238 2500 
Absorption coefficient near Eg (cm-1) 103 104 105 
Figure 1.1 III-nitride energy band gap and lattice constant 
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1.1.2 Applications  
III-Nitrides have already been demonstrated as excellent materials for various 
applications. The first high power GaN p-n junction blue light emitting diodes (LEDs) 
were fabricated in 1991 [3], and InGaN/GaN heterostructure violet LEDs were reported 
in 1993 [4]. After 20 years of effort, GaN, AlGaN, and InGaN are the key materials in 
the very important UV and visible LED markets [5-8]. Due to their tunable band gap, 
AlGaN and InGaN have been successfully utilized as UV and IR photon detectors [9, 
10]. In comparison to other important semiconductors, Si and GaAs, and as shown in 
Table 1.1, GaN has a ten times higher breakdown field and higher melting point. This 
makes III-Nitrides ideal candidates for high-power devices and high temperature and 
high frequency transistors [11-14]. Rare-earth-doped III-Nitrides show ferromagnetic 
behavior above 300 K and are suitable room temperature spintronics [15, 16]. New III-
Nitrides applications are also emerging. AlGaN/GaN heterostructure transistors can be 
used for generation and detection of terahertz (THz) radiation as can InN [17, 18]. The 
wide band gap, large dislocation energy, and high thermal stability of GaN fulfil 
requirements for charged particle spectroscopy in high temperature and high radiation 
environments. GaN-based alpha, neutron, and X-ray detectors have been fabricated [19-
21]. In the energy harvesting field, InGaN is a high radiation resistant photovoltaic 
materials for space application [22]. The wide tunable bandgap gives InGaN great 
potential for multijunction solar cells as well. In thermoelectric applications, GaN could 
be the only substitute materials at temperatures >800 K [23].  
4 
 
1.1.3 Issues  
Despite many successful market deployments, III-Nitrides device performance is still 
hindered by less-than-optimal materials quality. For example, solar-cell efficiencies 
from InGaN/GaN heterojunctions [24, 25] and p-i-n homojunctions [26-28] are less 
than 3%,  far below other traditional solar cells as 25.6% for Si, 19.6% for CdTe in 
2014, 28.3% for GaAs etc.[29]. Figure 1.2 tracks the best research-cell efficiencies as 
collected by National Renewable Energy Laboratories (NREL) since 1975. The device 
performance of light-emitting diodes based on InGaN is limited by the carrier 
recombination caused by defects which are functioning as recombination centers in the 
film. Several issues remain to be solved in InGaN materials and related devices: (1) lack 
of suitable substrates, (2) phase separation, (3) thermal decomposition of InN, (4) 
difficulty in p-type doping resulting in (5) lack of tunnel junction devices which are 
critical to realizing multijunction PV cells.  
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Figure 1.2 Best research-cell efficiencies since 1975 as tabulated by NREL (from nrel.gov)
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Currently used substrates for III-Nitrides, such as sapphire and silicon, introduce 
large lattice and thermal mismatch. Sapphire has a 16% lattice mismatch and a 27% 
thermal expansion coefficient mismatch with GaN. High density defects, particularly 
dislocations are generated due to the misfit between the epilayer and substrates. These 
can be controlled, but only to a certain extent by the growth conditions. SiC has a close 
lattice constant with GaN but is very costly and also presents specific challenges related 
to its surface chemistry and pre-growth preparation requirements. HVPE grown GaN 
templates, several micrometers thick film on sapphire, are currently the most popular 
substrates. These templates still have a dislocation density higher than 107 cm-1. Bulk 
GaN wafers are commercially available, but are still very expensive and only wafers up 
to 2” diameter are available. Pretreatments of the sapphire surface [30-33], the addition 
of AlN and low temperature GaN buffer layers [34-37], are usually used to reduce the 
high defects density generated during the III-Nitrides growth process. Transition metal 
nitrides such as ScN interlayers [38, 39], TiNx networks [40], and CrN nanoislands [41] 
have demonstrated reduction of dislocations in GaN grown on sapphire. Besides buffer 
layers, low dimensional growth like nanowires is another way to reduce defects by 
minimizing the interaction surface area between the nitride epilayers and the (misfit 
from) substrate [42]. Epitaxial-lateral-overgrowth technology (ELO) is effective in 
reducing defects to mid-106 cm-2 by masking the defect area of GaN during growth 
[43]. A similar result is achieved using selective area growth [44]. 
Phase separation in InxGa1-xN epitaxial layers [45-47] can be suppressed by using 
strain [48], nonequilibrium growth condition [49], introducing lattice-matched substrate 
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[50], or using shuttered metal rich condition [51]. InN has weaker bonds between In and 
N, 1.93 eV [52] as compared to 2.2 eV for the Ga to N bond [53]. At high growth 
temperature InN tends to decompose from InGaN epilayer therefore a low growth 
temperature is required for InGaN. However, reducing the growth temperature leads to 
the reduction of epilayer quality in almost every material system where growth species 
surface mobility is dominant during synthesis. 
InGaN tends to have a high concentration of nitrogen vacancies in the films and 
behaves like a native n-type conductivity material. Mg is typically used as an active p-
type dopant. Due to the large electron affinity of InN and In-rich InGaN, InGaN thin 
films have large free electron concentrations with a measurable electron surface 
accumulation population. Such a phenomenon prevents accurate doping 
characterization in InGaN materials. Jones et al. demonstrated p-type doping in bulk 
InN underneath the n-type surface by capacitance-based capacitance-voltage 
measurements [54].  
In so far as the tunneling issue, the large band gap of III-Nitrides leads to a low 
tunneling probability and high resistance in interband tunnel junctions, along with 
additional high voltage drop for application devices. P-GaN/InGaN/n-GaN tunnel 
junctions with a resistivity of 1.2×10-4 cm2 have shown enhanced interband band 
tunnel injection of holes into a p-n junction [55]. A lower band gap and polarization 
fields can reduce tunneling barrier.  
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In this work, our aim is to address the first issue, development of suitable buffer 
layers deposited on currently popular substrates, such as sapphire and Si, for use with 
GaN and InGaN based devices.  
1.2 Motivation, Objective and Challenges 
1.2.1 Motivation 
As discussed above, inexpensive sapphire and silicon substrates introduce large lattice 
and thermal mismatches in the resulting III-N epilayers. Sapphire has a 16% lattice 
mismatch and a 27% thermal expansion coefficient mismatch with GaN. High defect 
densities, particularly dislocations, are generated from these misfits or growth 
conditions. Searching for suitable substrates or buffer layers for III-Nitrides, specifically 
InGaN alloys, is thus critically needed.  
Transitional and rare-earth nitrides have the potential to perfectly lattice match with 
InGaN in the c-plane as shown in Figure 1.3. Most transitional nitrides are cubic 
crystals with a rocksalt (NaCl) structure. The 3-fold symmetry in (111) plane and 
effective lattice constant in (111) plane matches with c-plane III-Nitrides. Among 
transitional nitrides, ternary alloys such as ZrxTi1-xN (0.49≤x≤1), with effective lattice 
constant in the (111) plane match lattice constants of AlxGa1-xN (0≤x≤1) and InxGa1-xN 
(0≤x≤0.14). For high indium content, rare earth nitrides, such as ZrGdN can be 
considered as buffer layers for InGaN with indium content higher than 14 percent. 
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Transitional nitrides, TiN, HfN, ZrN, are metallic and display very low resistivity. 
As buffer layers for III-nitride, they may offer additional highly desirable and beneficial 
properties (see Figure 1.4). They can be used as lattice-matched metallic layers as a 
much simpler substitute to traditional tunnel junction devices (such as those required for 
multijunction solar cells and detectors) and as stable and low cost Ohmic contacts. 
Besides, they are highly reflective in the UV-NIR range, and can potentially function as 
Figure 1.3 III-nitride in-plane and transitional and rare earth 
nitride effective lattice constant 
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a back reflector in solar cells and light-emitting diodes, enhancing the device internal 
quantum efficiency through higher light absorption and photon recycling.  
 
Figure 1.4 Transitional nitride as (a) interconnect layer, (b) Ohmic contact, and back 
reflector for III-Nitride device 
1.2.2 Objective  
The objective of this work is to develop transitional nitrides, ZrTiN, buffer layers for 
low-In composition InGaN growth. We will present the procedures for achieving (111)-
oriented ZrTiN using a DC magnetron sputtering system. Film crystallinity and optical 
and electrical properties of ZrTiN across the whole Zr compositional range are studied 
as part of this research.  
ZrTiN thin films are deposited using a reactive DC magnetron sputtering technique. 
There are two primary concerns in developing ZrTiN buffer layers: (1) growth 
parameters effects on film crystallinity and properties are investigated with the goal of 
achieving (2) good crystalline film with (111) orientation and smooth surface layer.  
InGaN growths on the resulting buffer layers are conducted using a plasma-assisted 
molecular beam epitaxy (PAMBE) system. In this work, we are aiming for GaN growth 
11 
 
on the ZrTiN buffer layers and lattice-matched InGaN on ZrN. High resolution X-ray 
diffraction (HRXRD) is used as the main tool for film crystallinity examination and the 
results will be compared with literature results. Room temperature photoluminesence 
(PL) is also performed on GaN and InGaN for optical properties examination.  
1.2.3 Challenges 
This work consists of two major parts: develop lattice-matched buffer layers and InGaN 
growth on top of the buffer layers.  
High quality TiN growths on Al2O3 [56, 57],  MgO [58, 59], and Si [60] substrates 
via various techniques have been reported. Using reactive magnetron sputtering, TiN 
epitaxial films can be grown at cryogenic temperatures [61]. On the other hand, 
synthesis of ZrN thin films has been challenging due to the high substrate temperature 
growth required [62, 63], and the existence of other metastable Zr3N4 [64] and ZrN2 [65] 
domains. Epitaxial ZrN thin films have been deposited on r-plane Al2O3 [63], (100)-
silicon [62], (111)-silicon [66], and (100)-MgO [67] substrates by reactive magnetron 
sputtering. ZrN thin films deposited on c-plane Al2O3 at low temperature [68] and on 
unknown surface orientation Al2O3 at a growth temperature of 900 C [69] are, 
however, reported as polycrystalline.  
Experimental [70-77] and theoretical [78, 79] studies on ternary ZrTiN films are 
conducted mostly due to their outstanding physical and chemical properties. 
Microstructures and mechanical properties are the main area in ternary ZrTiN studies 
[70, 74, 75, 77, 80]. As templates for III-Nitrides, ZrTiN has previously been employed 
as a seed layer for the growth of AlxIn1-xN films on (111)-MgO and nanorod arrays c-
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plane sapphire substrates [81, 82]. However, the crystalline quality of the ZrxTi1-xN thin 
films was not fully characterized in those reports.  
In this work, the ZrTiN buffer layers are developed using a DC magnetron 
sputtering deposition system. ZrTiNs are high-melting-point materials and high growth 
temperature is typically desired. The sputtering system lacks the usual in-situ- 
monitoring techniques available during MBE, though it has both mass spectrometry and 
a quartz crystal microbalance (QCM). However, due to the geometry and low 
deposition rate during growth, the QCM is of limited use during actual growths. As 
shown later, it was mainly used for pre-growth studies. ZrTiN growth conditions drift 
slightly during a growth or from one day to another even though the target power, 
growth temperature, gas flow rates, and chamber pressure remain unchanged. This is a 
common problem in sputter deposition. This is mainly due to the change in the erosion 
state of the targets and the strong interrelationships between the deposition parameters 
mentioned above. As such, prior to a successful process development and growth 
optimization, a thorough and careful understanding of the reactive deposition process is 
necessary. 
Among III-Nitrides, only GaN growth is reported on thin conductive intermediate 
layers [38-41, 83-91]. Only few reports mention InGaN or AlInN alloys deposition on 
those interlayers [81, 82, 92]. Self-separation of free standing GaN grown on TiN 
porous networks has been reported with the assistance of voids formed at the TiN and 
GaN interfaces [93, 94]. TiN networks formed on a GaN template is assumed to work 
as a mask for reduced dislocation density GaN epilayers through a dislocation bending 
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mechanism [93]. This leads to improved film quality by reducing the twist [40, 93] and 
comparable carrier decay time to those of freestanding HVPE GaN templates [40]. 
Similar results are found in ScN [38, 91] intermediate layers, which prevent the 
dislocations from the underlayer GaN film from propagating to the GaN epilayer grown 
on top. GaN growth on HfN/Si is reported as Ga-polar with high density N-polar 
inversion domains [89] and GaN grown on CrN/Al2O3 is identified as N-polar [84]. 
Dislocation free GaN islands[90] and self-assembled nanoarray AlInN [82] on lattice-
matched interlayers may indicate the tendency of 3D growth for III-nitride growth on 
transitional nitride layers.  
In this work, GaN and InGaN thin films are deposited using plasma-assisted MBE. 
Prior to growth on the metallic buffer layers, InGaN growth conditions were 
investigated and optimized on HVPE GaN templates. However, there can be a 
significant departure from growth conditions on conductive layers from those on a 
typical GaN template. As the buffer layers are developed by sputtering methods, surface 
smoothness is of particular concern. III-Nitrides initiation on a less-than atomically 
smooth surface is thus challenging and is by itself a topic of considerable research. Any 
buffer layers roughness is usually amplified during a subsequent epitaxial step. Further 
discussion of this issue will be presented in chapter 6. 
1.3 Overview of the Dissertation 
This dissertation has seven chapters.  
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Chapter 1 gives a brief introduction to the III-nitride semiconductors, their 
advantages and related applications. The motivation and objective of this work are 
presented. The challenges of developing ZrTiN buffer layers and InGaN growth are 
discussed.  
Chapter 2 describes III-nitride and ZrTiN material properties, and gives the 
background of thin-film deposition mechanism, defects generation, and defects types. 
Chapter 3 discusses the growth systems and characterization techniques. Principles 
and system configurations of the magnetron sputtering system and plasma assisted 
molecular beam epitaxy are covered. Among characterization techniques, in situ 
methods such as RHEED and Ellipsometry, and ex-situ techniques such as 
Spectroscopic Ellipsometry (SE), XRD, XPS, ion channeling via RBS, SEM, AFM, and 
PL are discussed. 
Chapter 4 presents the QCM deposition-rate study performed to understand the 
reactive sputtering process prior to actual thin-film deposition, the structural 
optimization methodology to achieve singe phase (111)-oriented ZrN thin films, and the 
growth parameters effects on the resulting thin films such as growth temperature and 
deposition rate on film crystallinity and properties. A summary of our results and 
related issues is discussed at the end of chapter 4.  
Chapter 5 covers the preparation and characterization of (111)-oriented ZrTiN thin 
films over the whole Zr content range. HRXRD characterization results are presented 
for lattice constant and crystallinity study. XPS is also employed for film chemical 
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analysis and composition study and comparison with HRXRD results. The optical 
properties of ZrTiN thin films are also investigated and the results discussed. 
Chapter 6 describes GaN and InGaN growths on developed ZrTiN buffer layers by 
PAMBE. 2D and 3D GaN thin films are grown on TiN, ZrTiN, and ZrN buffer layers. 
Both lattice-matched (InGaN with In content around 14% and GaN) and non-lattice-
matched films were also deposited on ZrN buffer layers and their properties analyzed. 
The growth process, surface morphology, and crystallinity of the above thin films are 
investigated and results presented.  
Chapter 7 concludes the entire dissertation and presents the outlook of future study. 
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Chapter 2  
Background 
This chapter covers the material properties of III-Nitrides and ZrTiN, background of 
thin-film deposition, defects generation, and defect types. 
2.1 III-Nitride  
2.1.1 Binary III-Nitrides 
Group III-Nitrides have three crystalline structures: wurtzite, zinc blende, and rock salt. 
Wurtzite is the most thermodynamically favorable structure. The zinc blende structure 
for GaN and InN can be stabilized on cubic substrates using {011} planes, such as MgO 
[1], Si [2], SiC [3], and GaAs [4] . The rock salt form is achieved in laboratory form and 
under high pressure [5].  
Wurtzite structure has two interpenetrating hexagonal close packed (hcp) 
sublattices, each of which consists of either group III or N atoms. The unit cell has an 
in-plane lattice constant a and out-of-plane lattice constant c. Zinc blende has a similar 
structure, however, the stacking sequence is different from that in the wurtzite structure. 
Wurtzite structure is AaBbAa in the (0001) direction, and zinc blende has AaBbCc 
stacking sequence in the (111) direction (see Figure 2.1), where capital letters A, B, and 
C stand for the position in the unit cell, and lower letters a, b, and c stand for a different 
atom but same position as capital letters A, B, and C. Wurtzite structure lacks inversion 
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symmetry in the direction perpendicular to the c-axis. The electron affinity is different 
between group III-element and N, thus causing uneven charge distribution along the c-
axis. Along the c-axis, if the III-N bond is from group III element to N, the crystal is Al-
polar, Ga-polar, or In-polar, written as (0001). Otherwise, it is N-polar, written as 
(0001ത). The wurtzitic crystal model of GaN in Figure 2.1 is Ga-polar. Identification of 
the polarity of nitride crystal is very important, as the implication for the polarity is the 
direction of polarization charge, and it relates to material quality during growth. It is 
generally accepted that III-polar films have better film quality, with a smoother surface 
and less impurities in the film compared to N-polar films.  
 
Figure 2.1 Wurtizitic and zinc blende GaN 3D view (top) and projections on the (0001) and 
(111) planes (from Morko, handbook of nitride semicondutors) 
In group III-nitride, (0001) c-, (112ത0) a-, and (11ത00) m-planes, and associated 
directions, <0001>, <112ത0>, and <11ത00> as shown in Figure 2.2 are of special 
importance. The (0001), which is also called c-plane or basal plane, is the commonly 
30 
 
used surface for growth. As mentioned, it is a polar plane. The (112ത0) is semipolar and 
the (11ത00) is nonpolar. Polarization fields arising from this surface polarity are 
responsible for performance of AlGaN/GaN high electron mobility transistors (HEMTs) 
[6-8] and InGaN/GaN multiquantum wells (MQWs) used in blue and green light-
emitting diodes (LEDs) [9]. The (112ത0) is semipolar and the (11ത00) is non polar. To 
reduce or eliminate the polarization effects, III-nitride materials and devices on those 
semi- and non- polar planes are attracting significant attention [10-13]. The material 
quality of the semi-polar and non-polar nitrides is still catching up [14]. Additionally, 
the (112ത0) a-, and (11ത00) m-planes, which are perpendicular to each other, are the 
typical planes used in reflection high-energy diffraction (RHEED) during MBE growth.  
 
Figure 2.2 Commonly used orientations, (112 ̅0) and (11 ̅00), projections on c-plane in nitrides. 
Table 2.1 lists some of the properties of III-Nitrides. The lattice constant typically 
varies with preparation methods. Structural defects, such as N vacancies, metal antisites 
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and dislocations, may deform the conduction band and cause an increase of lattice 
constant [15, 16]. Dopant size and residual strain also affect lattice constants.  
 
Table 2.1 Properties of wurtzitic III-Nitrides (Morko, handbook of nitride semicondutors) 
Parameter AlN GaN InN 
a(Å) 3.11[17, 18] 3.1892[19] 3.533 
c(Å) 4.98[17] 5.185[19] 5.693 
Thermal expansion (K-1) a/a=5.59×10-6 
c/c=3.17×10-6 
(300 K) 
a/a=5.59×10-6 
c/c=3.17×10-6 
(300 K) 
a/a=3.15×10-6 
c/c=4.20×10-6 
(300 K) 
Thermal 
conductivity(W/m K) 
340 210 -- 
Band gap (eV) at 300 K 6.2 3.42 0.7  
Breakdown field(cm-1) 1.2-1.8×106 3-5×106 -- 
 
III-Nitrides are chemically stable, being insoluble in H2O, acids, or bases at room 
temperature, but dissolving in hot alkali solutions at very slow rate. Low-quality GaN 
can be etched at high rates. Chemical etching is very useful for identifying defects and 
estimating their density at a low cost using a simple procedure. It is also an effective 
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way in determining surface polarity of III-nitride materials. Ga-polar and N-polar 
materials have different etching characteristics. It has been shown that only N-polar 
MBE GaN epilayers were etched in aqueous KOH between 26 and 80 C, while the Ga-
polar film was not etched under the same conditions [20]. After chemical etching, the 
N-polar area was covered by hexagonal hillocks with facets and morphology of Ga-
polar area was unchanged [21-23]. 
2.1.2 Ternary Alloys 
Wurtzitic ternary alloys AlGaN, InGaN, AlInN have been obtained in the continuous 
alloy systems. Many of their properties such as the energy-band gap, effective masses 
of electrons and holes, and dielectric constant depend on the alloy composition. The 
measured data for AlGaN [24] and InGaN [25] are still not very precise. For AlGaN, 
most work is in high concentration GaN alloys as they are most needed in for device 
applications.   
The lattice constant of AlGaN and InGaN at different compositions can be obtained 
by applying Vegard’s law [26]:  
aሺAl௫Gaଵି୶Nሻ ൌ aሺAlNሻx ൅ ሺ1 െ xሻaሺGaNሻ	ܽ݊݀	ܿሺAl௫Gaଵି୶Nሻ
ൌ cሺAlNሻx ൅ ሺ1 െ xሻcሺGaNሻ, 
and	aሺIn௫Gaଵି୶Nሻ ൌ aሺInNሻx ൅ ሺ1 െ xሻaሺGaNሻ	ܽ݊݀	ܿሺIn௫Gaଵି୶Nሻ
ൌ cሺInNሻx ൅ ሺ1 െ xሻcሺGaNሻ	 
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The energy band gap of AlGaN and InGaN can be calculated from empirical 
expression with the bowing parameter b: 
ܧ௚ሺܣ݈௫ܩܽଵି௫ܰሻ ൌ ݔܧ௚ሺܣ݈ܰሻ ൅ ሺ1 െ ݔሻܧ௚ሺܩܽܰሻ െ ܾݔሺ1 െ ݔሻ, 
ܽ݊݀	ܧ௚ሺܣ݈௫ܩܽଵି௫ܰሻ ൌ ݔܧ௚ሺܫ݊ܰሻ ൅ ሺ1 െ ݔሻܧ௚ሺܩܽܰሻ െ ܾݔሺ1 െ ݔሻ, 
where the bowing parameter b for AlGaN is 1.00 eV [27] and for InGaN is 1.43 eV 
[28].  
Single crystalline InGaN was first realized in 1989 [29] and now high-efficiency 
blue and green LEDs utilizing InGaN active layers are commercially available. It is 
worth noting here that the 2014 Physics Nobel prize was awarded to Shuji Nakamura, 
Isamu Akasaki and Hiroshi Amano for their work in the invention of efficient blue 
light-emitting diodes which has enabled bright and energy-saving white light sources. 
However, due to the issues discussed in Chapter 1 (Introduction), which are phase 
separation, thermal decomposition of InN, lack of substrates-especially for the ternary 
alloys, p-type doping, and tunneling junctions fabrication, there is still additional 
opportunity and impetus to improve InGaN material quality to further improve device 
performance. 
2.2 ZrxTi1-xN Properties 
2.2.1 Binary TiN and ZrN 
ZrN and TiN have face centered cubic (FCC) structures. (111) planes of FCC crystals 
have a three-fold symmetry, which match the hexagonal symmetry of III-Nitrides c-
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plane. ZrN has a bulk lattice constant of 4.574 Å [30] with effective lattice constant of 
3.234 Å on the (111) plane, lattice matching to InxGa1-xN (x=0.14) c-plane, which has a 
six-fold symmetry. TiN has a relatively smaller lattice constant, 4.238 Å [31], with an 
effective (111) lattice constant of 2.997 Å.   
 
Figure 2.3 FCC structure (NaCl model from cnx.org) 
ZrN and TiN are metallic with low resistivity with bulk values of 18 µΩcm and 
13.6 µΩcm, respectively. They are also low temperature superconducting materials, 
with Tc around 5 K for TiN [32] and 10 K for ZrN [33]. The materials are of golden 
color and have a high corrosion resistance and high mechanical strength. They are 
widely used as coatings for jewelry and machine tools [34, 35]. In device integration, 
TiN and ZrN are employed as metal layers [36] in MOS structures, diffusion barriers 
between copper and Si [37-39], Schottky [40] and Ohmic [41-43] contacts, back 
reflectors [44], and tunnel junction connectors [45].  
Transitional nitrides, TiN, HfN, and ZrN, display a free-electron-like optical 
behavior. These free-electron-like optical properties can be described by a Drude-
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oscillator formalism, which models the intraband excitation of an electron gas. The 
behavior is very close to noble metals like Au and Ag; thus, TiN and ZrN are very 
promising materials as substitution for Au and Ag as plasmonic materials. 
High quality TiN films have been deposited on various substrates, such as Al2O3 
[46, 47],  MgO [48, 49], and Si [50] etc., via various techniques. Using reactive 
magnetron sputtering, TiN epitaxial films could be grown at cryogenic temperatures 
[51]. On the other hand, synthesis of ZrN thin films has been challenging due to the 
high substrate temperature growth required [52, 53], and the existence of other 
metastable Zr3N4 [54] and ZrN2 [55] phases. Epitaxial ZrN thin films have been 
deposited on r-plane Al2O3 [53], (100)-silicon [52], (111)-silicon [56], and (100)-MgO 
[33] substrates by reactive magnetron sputtering. ZrN thin films deposited on c-plane 
Al2O3 at low temperature [57] and on unknown surface orientation Al2O3 at growth 
temperature of 900 C [58] however are reported as polycrystalline.  
2.2.2 ZrTiN Ternary 
Theoretical work shows that there is a miscibility gap in the pseudo-binary TiN-ZrN 
system, and the single phase can only be stable at high temperature, around or greater 
than 2000 C [59, 60]. However, single-phase ZrTiN across the whole range was 
achieved experimentally both during low-temperature deposition and with several hours 
of high-temperature annealing up to 1000 C [59, 61]. It is postulated that perhaps the 
low experimental temperature either during growth or annealing was not enough to 
supply sufficient chemical force for segregation [59].  
36 
 
There is a conflict in the reported lattice constant of ZrTiN dependence on 
composition. Hoerling et al. [59] reported a linear relationship between lattice constant 
and Zr constant, resembling a Vegard-like behavior. However, positive deviation from 
linear interpolation between TiN and ZrN was also reported for sputtered ZrTiN films 
[61, 62]. In the work by Abadias et al. [61], first principle calculations of the lattice 
constant with a position deviation factor agrees with experimental data for the thin films 
deposited at 300 C. After post annealing at 850 C for 3 h, the lattice constants fall into 
Vegard’s rule.  
Experimental [61, 63-69] and theoretical [59, 70] studies on ternary ZrTiN films are 
conducted mostly due to their outstanding physical and chemical properties. 
Microstructures and mechanical properties are the main focus of ternary ZrTiN studies 
[63, 66, 67, 69, 71]. As templates for III-Nitrides, ZrTiN has previously been employed 
as a seed layer for the growth of AlxIn1-xN films on (111)-MgO and nanorod arrays c-
plane sapphire substrates [72, 73]. However, the crystalline quality of the ZrxTi1-xN thin 
films was not fully characterized in those reports.  
2.3 Thin-Film Growth 
Thin-film growth starts with nucleation, followed by surface-diffusion to form 3D 
nuclei, grain growth, and film formation. When species leave from the source and arrive 
at substrates, they get adsorbed, lose their normal velocity, carry their parallel energy, 
and diffuse over substrates. An adsorbed atom while diffusing may form clusters with 
other adsorbed atoms, or get desorbed. With a deposition process going on, small 
clusters increase both in size and numbers until reaching a saturated nucleation density 
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which is the so-called nucleation process. Small islands formed from clusters start 
coalescing with each other; hence, grains grow in size and form grain boundaries. If the 
adsorbed atoms don’t have enough diffusion energy, grains would have a different 
orientation and grow at different rates, which will lead to a polycrystalline film. On the 
other hand, grain growth with enough diffusion energy results in grain boundaries 
tending to overlap and merge into one favorable orientation forming a single crystalline 
film. Figure 2.4 is a simple thin-film-process model. On the surface, diffusion, 
adsorption and desorption events are all simultaneously ongoing events.  
 
Figure 2.4 Simple thin-film-process model 
Typically, three well-known growth modes (Figure 2.5) are present in the film 
deposition process, depending on deposition thermodynamic parameters and the 
chemical nature of the substrate surface: (a) island growth, also called Volmer-Weber 
growth mode, (b) layer-by-layer growth, also called Frank van der Merwe growth mode 
and (c) layer-plus-island growth, also called Stranski-Krastnov growth mode. A wetting 
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factor was defined to distinguish the three modes by Bauer [74-76] in the absence of 
misfit when a crystal A deposited on a crystal B: 
Φஶ ൌ 2ߛ஺ െ ߚ ൌ ߛ஺ ൅ ߛ஺஻ െ ߛ஻ 
where	ߛ஺  is the surface energy of crystal A, ߛ஻ is the surface energy of B, ߛ஺஻ is the 
interfacial energy and ߚ is the adhesion energy of A on B. When Φஶ<0, which 
means	ߛ஺ ൅ ߛ஺஻ ൏ ߛ஻, the minimum energy state is reached for an increasing interface 
and a 2D film is favorable, corresponding to the layer-by-layer growth mode. When 
Φஶ>0, ߛ஺ ൅ ߛ஺஻ ൐ ߛ஻, the minimum state is reached for a decreasing interface and a 
3D crystal is more stable than a 2D film, corresponding to the island growth mode. The 
Stranski Krastanov growth mode is a more complex case since the wetting energy 
varies during the growth from negative to positive values as such it is a 2D growth 
followed by a 3D growth. The wetting factor may be written as Φሺzሻ ൌ Φஶ଴ ݂ሺݖሻ, where 
z is the number of deposited layer and f(z) is a decreasing function of z [77].  
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Figure 2.5 Film growth modes (a) island growth (Volmer-Weber) (b) Layer-by-layer 
growth (Frank van der Merwe), and (c) Layer-plus-island growth (Stranski-Krastnov). 
Each mode is shown for several different surface coverage denoted by . 
Thin-film growth is controlled both thermodynamically and kinetically. Surface 
diffusion of adsorbed atoms is a key factor determining the growth mode. The surface 
diffusion coefficient Ds and diffusion length S are given by [78] 
ܦௌ ൌ ܽଶݒ଴exp	ሺെ ௦ܹௗ/݇஻ܶሻ 
ߣௌ ൌ ඥܦௌ߬ௌ ൌ ඥܽଶݒ଴exp	ሺെ ௦ܹௗ/݇஻ܶሻ߬ௌ 
where a is the lattice constant, ݒ଴ is the frequency factor (~1013), ௦ܹௗ is the energy 
barrier of surface diffusion, T is the absolute temperature, and s is the lifetime of the 
diffusion event. Having a low energy barrier and high surface temperature leads to a 
high diffusion coefficient. The value of s is affected by the lifetime before desorption 
and lattice incorporation, which are referred to desorption rate and growth rate, 
respectively. 
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The deposition rate is also very important during thin-film growth. It can affect film 
orientation, roughness, and the surface diffusion length. Typically, diffusion length will 
be shorter at higher deposition rates as the adatoms do not have to move far before 
meeting another adatom. High deposition rate typically results in a nonequilibrium 
growth condition. As discussed, the diffusion length depends on the deposition rate. A 
high deposition rate reduces diffusion length and is typically favored at low temperature 
due to the competition between different grain orientations. At high growth 
temperatures, the adatoms carry high energy and are able to diffuse long distance on the 
surface; thus, low growth rate is better.  
An epitaxial film is achieved when a crystalline overlayer deposits on a crystalline 
substrate. The epitaxial film may have grains of the same orientation and the grain sizes 
will depend on the adatom mobility during deposition. A clean, inert epilayer substrate 
and high species surface mobility are typically required for epitaxial growth. 
In conclusion, thin-film growth is affected by many factors: the substrates’ surface 
free energy, chemical affinity and bond type between the epilayer and the substrate, the 
thermodynamics of the epilayer, and growth environment, such as growth temperature, 
deposition rate etc. During thin-film growth, defects can be generated and annihilated. 
In the next section, we will introduce the typical defect types which are present in thin 
films.  
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2.4 Defects Types 
For heteroepitaxial growth, due to the misfit between the thin film and the substrate 
lattice constant, the resulting epilayers are most often strained at the initial stage. As the 
growth proceeds, the film tends to relax, relieving stored strain energy by introducing 
dislocations. The maximum thickness of the strained layers is called critical thickness, 
written as hc. Figure 2.6 shows that if a film of lattice constant b deposits on a substrate 
of lattice constant a, below the critical film thickness (hc), the epitaxial film remains 
pseudomorphic  to the substrate- meaning it has the same lattice constant with the 
substrate instead of having its own lattice constant. The strain energy per area can be 
written as	ܧఌ ൌ ߝଶܻ݄, with  the elastic strain, Y Young’s modulus, and h overlayer 
thickness. As film thickness increases, the film tends to relieve strain energy through a 
lattice relaxation process. Thus, the misfit is partially accommodated by the 
introduction of dislocations. Other type of defects, like point defects, stacking faults, 
twins, grain boundaries, and inversion domains may also be generated depending on the 
growth conditions and material system.   
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Figure 2.6 Epitaxial layer with lattice constant a deposited on a substrate with a lattice 
constant b. hc is the critical thickness 
2.4.1 Point Defects 
Point defects can be intrinsic or extrinsic from solute or impurity atoms. Figure 2.7 
shows different point defects types. Intrinsic defects include vacancy in the crystal and 
self-interstitial defects, which means the disordering of atom in between lattice. Point 
defects can influence mechanical, optical, or electrical properties. The point defects can 
be induced with or without intention. Doping is very important in the semiconductor 
field since it allows for precise engineering of the materials electrical properties; for 
example, Mg and Si are used for p-type and n-type doping in GaN, respectively. Due to 
growth conditions, unwanted impurities can also be incorporated into the film resulting 
in a measurable disorder in the crystal structure.  Such is the case of C incorporation 
into a nitride thin film. Similarly, missing atoms will result in the same effect, such as 
nitrogen vacancies in III-Nitrides. Both phenomena are unwanted as they lead to 
degradation in the end device performance. 
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Figure 2.7 Types of point defects 
2.4.2 Dislocations 
Dislocations are linear defects which usually run through the crystal, resulting in a loss 
of the crystallographic registry. They can participate in crystal growth and most often 
exist at the interfaces between crystals. In semiconductors or optical materials, they can 
act as non-radiative defects and are very undesirable.  
Figure 2.8 shows the two types of possible dislocations: edge (A) and skew (B). The 
Burgers vector, which represents the magnitude and direction of lattice distortion 
resulting from a dislocation in a crystal lattice, of an edge dislocation is perpendicular to 
the dislocation line. The Burgers vector of a skew dislocation is along the dislocation 
line. In GaN as well as in any semiconductors, basal plane dislocations and pyramidal 
dislocations are the main dislocations. The latter is less studied than basal plane 
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dislocations. In the basal plane dislocations, the main slip system of the crystal in 
wurtizitic structure are the {0001} <112ത0> systems; and in cubic structures they are the 
{111} <111> systems. In the slip systems for hexagonal materials, dislocations inhabit a 
{0001} glide plane, and possess <112ത0> type line dislocation. The Burgers vectors are 
[0001] for threading skew dislocations and (1/3)[112ത0] for the threading edge 
dislocations.  
 
Figure 2.8 Edge (A) and skew (B) dislocations in a crystal 
Generally, dislocations can be divided into two groups: misfit dislocation and 
threading dislocation. Misfit dislocations are generated at the interface between the 
epitaxial layer and the substrate to relieve strain. Threading dislocation may result from 
surface half-loop or island coalescence. For layer by layer growth, the dislocation loops 
expand to form two threading segments with antiparallel Burgers vectors and a misfit 
segment at the film/substrate interface. The threading segments are mostly screw 
components, and can propagate to the film surface from the interface [79]. During their 
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propagation, threading dislocations may combine and annihilate with each other. The 
threading dislocation significantly affects the properties of the epilayer. For example, in 
AlGaN/GaN structures, the edge threading dislocations tend to trap carriers in the 
channel and act as scattering centers to reduce electron mobility, resulting in the 
reduction of the free carrier density. The screw-threading dislocations may provide a 
conducting path for current leakage [80].  
In GaN, there are mainly three types of threading dislocations: edge, skew and 
mixed dislocations as shown in Figure 2.6. In wurtizitic GaN grown along the [0001] 
direction, the Burgers vectors of edge and skew dislocations are bi=ai=1/3<112ത0> (i=1, 
2, 3) and b=c=[0001] respectively [81]. The former is called “a” type dislocation and ai 
represents the three lattice vectors on the basal plane in a hexagonal system; the latter is 
called “c” type dislocation and c is the out of plane lattice vector, which is 
perpendicular to the basal plane. Mixed dislocations are termed as c+a type dislocations, 
with Burgers vector b=1/3<112ത3> and line directions inclined ~10 from [0001] toward 
the Burgers vector.  
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Figure 2.9 Schematic representations of GaN unit cell, (a) edge dislocation with a 
Burgers vector of b=1/3<112 ̅0> and [0001] line direction, (b) skew dislocation with 
b=<0001> and [0001] line direction, and (c) mixed dislocation with b=1/3<112 ̅3>, and 
inclined direction, ~10 from [0001] toward the Burgers vector (Mathis et al., 2000) 
2.4.3 Grain Boundaries 
A grain boundary is the interface between two grains, or crystallites. During the crystal 
growth, different oriented crystallites form large grains and the boundary between two 
grains is called a grain boundary (see Figure 2.10).  
The grain size of the crystallites depends on the atom surface mobility during crystal 
growth. High growth temperature typically gives large grain size. Post annealing of the 
film also enhances grain size. In epitaxial growth, thin films tend to favor one particular 
orientation relative to the substrate. Thus, an epitaxial film does not mean it is a single 
crystal. One grain may contain many small parallel crystallites, each with a slight 
misorientation, but the (electron or X-ray) diffraction pattern is still periodic and 
reflecting that of a singly crystal. If a film is polycrystalline, the X-Ray diffraction 
pattern is ring shaped. The grain size is an important criteria of film quality. 
47 
 
 
Figure 2.10 Grain boundary 
2.4.4 Stacking Faults 
Stacking faults are irregularities in the ordering of layers of atoms. In a hexagonal 
structure, the stacking sequence is ABAB and in a (111) plane of a cubic structure, the 
stacking sequence is ABCABC. A stacking fault in the sequence might be that the 
original ABABAB is inserted with another plane, ending up with ABABCAB ordering 
or an ABCABCABC ordering turns to ABCABABC. Wurtizitic GaN has a sequence of 
AaBb and zinc blende GaN is of AaBbCc sequence. Figure 2.11 shows the 
transformation of GaN from a 4 monolayer (ML) wurtzitic structure to 3 ML zinc 
blende structure [82].  
48 
 
 
Figure 2.11 Stacking faults at the dot line associated with stacking order 
AaBbAaBbAaBbCc (Denteneer P.J.H. et al., 1987) 
One type of stacking fault is a twin boundary, which appears as a surface between 
two volumes of crystal that are a mirror image of each other as illustrated in Figure 
2.12, where two FCC structured planes are separated by the twin boundary. 
 
Figure 2.12 Crystal planes with twin boundaries 
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Due to the non-centric symmetry of the wurtzite structure, domains with inverted 
polarity are commonly seen in III-Nitrides. The interface between the domains is 
referred to inversion domain boundaries. One side of the boundary is metal-polar and 
the other side is N-polar. Metal-polar and N-polar surfaces differ in structural, 
morphology, and electronic features. It has been shown that intentionally grown 
inversion domain boundaries of lateral polarity heterostructures are optically active and 
the photoluminescence is an order of magnitude brighter than bulk GaN [83, 84]. It also 
has been shown that the inversion domain boundaries have a link to the V-shaped pits in 
GaN and decrease the crystal quality [85].  
In this chapter, we have reviewed the crystal structures, properties of III-Nitrides 
and ZrTiN, thin-film deposition process, and presented the different types of defects 
usually present in thin films. In the following chapter, we will introduce the thin-film 
deposition systems, which are DC magnetron sputtering system for ZrTiN and Plasma-
assisted MBE system for III-nitride growth, and the techniques for characterizing the 
structural, optical, and electrical properties of the thin films.  
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Chapter 3  
Growth and Characterization Techniques 
In this chapter, we will describe the two deposition methods, as well as the main 
characterization techniques, utilized during this research. Sputtering and MBE systems 
were employed for ZrTiN and InGaN growth, respectively. They are both physical 
vapor deposition systems, one based on plasma-generated sputtered-source atoms, the 
other via a thermal evaporation process. Besides the growth techniques, the in-situ and 
ex-situ characterization tools used in this study - RHEED, spectroscopic ellipsometry, 
XRD, XPS, and ion channeling via RBS will be discussed. 
3.1 DC Magnetron Sputtering 
3.1.1 Sputtering Process 
Sputtering is a physical vapor deposition (PVD) process where atoms are removed from 
a solid surface by the bombardment of high energy particles. It is simply a momentum 
exchange process between particles without chemical reactions occurring. The process 
is conducted in vacuum, typically in a range from 1 to 100 mTorr. The sputtering 
system requires a target, a power supply with DC or RF connections for plasma 
generation, a work gas, and vacuum pumps. The target is usually the cathode, and based 
on system configuration, either the substrate holder or the chamber wall can be the 
anode. The work gas is typically an inert gas, such as Ne, Ar, Kr or Xe. Ar is most 
commonly used to function as work gas. High electrical conductive targets, such as 
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metal targets use DC sputtering. Low-conductivity target surfaces will become 
overcharged. For insulating targets, or poor electrically conductive targets, RF 
sputtering is a better choice. 
When a potential is applied between the cathode and anode, free electrons from UV 
photons or cosmic rays will be accelerated along the direction of field. During the 
acceleration process, the electrons encounter atoms of the work gas and excite or ionize 
the gas atoms. The ionized gas atoms move to the cathode where they dislodge target 
atoms from the surface, along with the generation of more ions and electrons. The ions 
generated in this process are called secondary ions. The avalanche of electrons and 
secondary ions sustains the plasma. When excited gas atoms relax to their ground state, 
the relaxation process will release photons, and the resulting luminescence leads to the 
term “glow discharge”.  Ionized gas atoms may also recombine with electrons as well 
during collision. The process of ionization and excitation can be seen as the following: 
݁ି ൅ ܣݎ଴ → ܣݎା ൅ 2݁ି 
݁ି ൅ ܣݎ଴ → ܣݎ∗ ൅ ݁ି 
A threshold of the bombardment energy typically exists, and is on the order of 15 to 
30 eV, as measured by Stuart and Wehner in 1962 by a spectroscopic method [1]. If the 
bombardment goes below the threshold, no sputtering phenomena occur. With moderate 
energies, E=50~1000 eV, which is also called the knock-on regime, only the first 10 to 
50 Å of the target  surface is affected, with a collision cascade of ejected atoms, ions, 
electrons, and neutrals. This is the regime in which most PVD systems are operated. 
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High energy ions, E> 10 keV, will penetrate into the target and also get implanted 
within the thin films. This is more commonly used for material doping and 
implantation.  
3.1.2 Magnetron Sputtering 
In contrast to planar DC diode or RF diode sputtering where electrons are distributed 
uniformly in the near cathode region, in a magnetron sputtering configuration, they are 
confined tightly around the cathode, and due to the magnetic field presence, they are 
made to follow longer spiraling trajectories.  As a result, more ions are generated and 
more collisions will occur near the target area; thus, a lower pressure is needed to 
sustain the plasma and results in an increased deposition rate. Penning first studied low 
pressure sputtering by superposing a transverse magnetic field on a dc glow discharge 
tube in 1935 [2]. However, not until the 1970s did magnetron sputtering become widely 
used due to its potential applications in Si integrated circuits and various other thin-film 
coating processes. 
Based on the magnetron geometrical configuration, there can be a balanced 
magnetron sputtering mode and an unbalanced magnetron sputtering mode. In the 
balanced magnetron configuration, magnetic field lines form closed loops on the target 
surface and thus confine electron drift. For unbalanced magnetron configurations, the 
magnetic-field lines can even cross the substrate allowing the ions and electrons to have 
a higher chance to escape from the target surface and bombard the substrate to influence 
the properties of the growing film. 
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According to the geometry of the anode and cathode arrangement, planar 
magnetrons and self-contained guns are used. Planar magnetrons were first developed 
by Wasa in 1967 [3] (see Figure 3.1). Later on it was widely used in magnetron 
sputtering. In this configuration, the substrate is an anode and parallel to the target, 
which is typically the cathode. A voltage is applied between the substrate and the 
targets, causing electrons to move toward the substrate and ions to bombard the targets. 
The bias voltage can be applied to the substrate, leading to a higher energy of the 
arriving ions.   
 
Figure 3.1 Cross-section of a planar magnetron [3] 
In 1974, Thornton combined experimental data and theoretical analysis, and came 
up with a structure zone model with two variables. The variables were the work gas 
pressure and temperature for metal deposition [4]. Messier et al. [5] in1984 modified 
the model by replacing the work gas pressure with substrate bias. The two models are 
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shown in Figure 3.2. On one of the axis is the ratio of substrate temperature over 
temperature of the material melting point (T/Tm). The second axis is the total work gas 
pressure in Thornton’s model and substrate bias voltage in Messier’s modified model. 
Four structure zones were proposed. In Zone I, low temperature, high pressure, or low 
substrate bias leads to low mobility of arriving species and result in layers with a porous 
structure. Zone T is the transition region, which consists of densely packed fibrous 
grains. Zone II has columnar grains, in which the atoms have some energy but not 
enough for single crystalline film. In Zone III, a recrystallized grain structure is formed.  
In these two structure zone models, pressure and substrate bias affect the film quality in 
a similar way. Low work gas pressure and high substrate bias would enhance atom 
mobility on substrate surface. 
  
 
Figure 3.2 (a) Structure zone model (SZM) as proposed by Thornton and (b) modified by 
Messier 
With respect to self-contained guns, the anode and cathode are placed at a tilt angle 
rather than parallel as in the planar magnetron guns. The distance between the anode 
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and cathode are typically much shorter than planar magnetron guns. In this case, an 
intense plasma exists between the anode and cathode, and extends to the substrate. An 
advantage of self-contained plasmas is the confinement of high energy ions away from 
the substrate surface, thus avoid damaging film growth through ion bombardment. 
3.1.3 Reactive Magnetron Sputtering 
Reactive sputtering is a process of complex products formation from the reaction of 
elemental targets and reactive gases. It has been widely used for high-quality nitrides [6, 
7] and oxides deposition. 
When a pure inert gas plasma environment is used during sputtering, no chemical 
reaction occurs between the target material and inert gas species. Once a reactive gas is 
introduced, the reactive gas becomes ionized and excited ions are present in the plasma. 
Reactions then occur between the sputtered species and reactive gas species, molecules, 
atoms, or ions. When the reactive gas partial pressure is low, all the reactive gas can be 
consumed without affecting the deposition rate, which is typically called the “metallic 
mode”. With a further increase in the reactive gas partial pressure, the deposition rate 
drops quickly and then stays close to a constant due to compound formation at the target 
surface; this is called the “non-metallic mode” or “poisoned mode”, as the target is 
usually referred to be “poisoned” by the chemical reaction with the reactive ions and 
excited neutrals. Once the compound on the target surface is removed, deposition rate 
will increase again [8].  
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In this project, we employed DC magnetron sputtering system for ZrTiN sputtering. 
Pure metal targets and an Argon and N2 gas mixture were used to achieve ZrTiN thin-
film deposition.  
3.1.4 DC Reactive Magnetron Sputtering System 
Figure 3.3 (a) is a schematic of the sputtering system used for the experiments 
conducted in this research. It consists of a DC magnetron sputtering system equipped 
with three MDX 500 DC supplies powering three 1.5” size target sources. A detailed 
schematic of the target as a self-contained sputter source in an unbalanced magnetron 
mode is shown in Figure 3.3 (b). The target sits on a cathode, and a grounded shield acts 
as an anode with a 5-cm tall chimney placed on top to prevent cross contamination 
between targets. Gas tubing for Ar and N2 gases injection passes through the grounded 
shield for each target. A radio frequency (RF) generator is connected to the substrate 
holder. The substrate is radiatively heated using two halogen lamps with a K-type 
thermocouple placed behind the sample holder to measure the reflected heat. The 
distance between the target and the substrate is approximately 12 cm. The base pressure 
of the chamber is 1.4× 10-8 Torr. During deposition, the gas pressure is monitored by a 
Baratron-type gauge. Ar is used as the main work gas while N2 acts as the reactive gas. 
As shown in the diagram, the flow rates for Ar and N2 are separately controlled by two 
flow meters. Ar and N2 can be injected in three combinations: (1) mixed and injected 
from the working target area, (2) mixed and injected from a different target area other 
than the working target or substrate surface area and (3) separately as Ar from the target 
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and N2 from the substrate area. A quartz crystal microbalance system, Inficon XTC/2, is 
available for monitoring the deposition rate.  
 
Figure 3.3 (a) Schematic of the sputtering system and (b) target configuration 
3.2 Plasma-assisted Molecular Beam Epitaxy  
Molecular beam epitaxy (MBE) is a physical deposition technique based on molecular 
evaporation from Knudsen cells and deposition on a heated substrate. The process 
occurs in an ultrahigh-vacuum system with a base pressure on the order of 10-10 Torr. It 
was invented in the late 1960s by J. R. Arthur and Alfred Y. Cho [9]. The term of 
molecular beam epitaxy was first used in 1970 [10]. MBE quickly stood out from 
previous vacuum evaporation techniques, due to its high level of precision in control of 
source materials fluxes and deposition conditions. MBE is an epitaxial growth 
technique which typically uses single crystal substrates. It has been demonstrated to be 
an excellent growth technique for compounds [11] and single-element materials [12], 
with applications spanning from semiconductors[13], to insulating layers [14] and 
superconductors [15].  
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In the III-nitride field, MBE and metalorganic chemical vapor deposition, also 
known as organometallic vapor phase epitaxy (MOCVD), are two dominating 
techniques in the market. MOCVD deposition process is based on the chemical reaction 
between the organometallic precursors and arsenide, phosphide, or ammonia depending 
on the desired compound, under a pressure range from 10 to 760 Torr. Relative to 
MOCVD, MBE is a physical vapor deposition process, and the deposition pressure is 
around 10-5 Torr, which is much lower than MOCVD and results in a lower growth rate, 
typically 1 µm/hr. MBE has a more precise thickness control than MOCVD system, as 
the process in the latter is not abrupt due to gas flow issues.  Besides, the growth 
temperature in a MBE system is typically lower than MOCVD, as high temperature is 
needed in MOCVD to break chemical bonds. As discussed previously, InGaN 
decomposes at high temperature, and therefore, low temperature is required particularly 
as the In content increases in the InGaN alloy. Thus, for InGaN growth, MBE has clear 
advantages over MOCVD. 
In III-nitride growth, molecular beam fluxes from hot Knudsen effusion cells arrive 
at the heated substrate, and form nitride compounds when they react with the active 
nitrogen species also impinging on the substrate surface. Two variants of MBE have 
typically been employed for nitride growth: ammonia-MBE (Am-MBE), and plasma-
assisted MBE (PAMBE). Chemical beam epitaxy (CBE), and metal-organic MBE 
(MOMBE) are other possible techniques but are much less popular. The III elements 
sources in these later variants are gaseous similar to MOCVD but gas transport occurs 
in the molecular regime. In PAMBE (also called RF-MBE), a radio frequency (RF) 
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plasma generator is used to dissociate the N2 bonds.  Another plasma-based technique, 
electron cyclotron resonance (ECR) plasma, was employed in early III-Nitride research 
[16, 17] . However, it generated high ionic fluxes, which damaged the growing layers in 
a mechanism similar to ion implantation damage effects. 
Figure 3.4 is a schematic system of a typical MBE system for nitride growth. Figure 
3.5 is a picture of the MBE system used in this research. It is equipped with Ga, Al, and 
In cells for III-nitride growth and Mg and Si cells for p-type and n-type doping, 
respectively. An RF source is also connected for nitrogen plasma generation. Each cell 
has a shutter control and water cooling lines. A tungsten filament heater is employed for 
substrate heating up to 1000 C. A large turbo molecular pump is employed to keep a 
low base pressure of 10-10 Torr in addition to serving as the growth process pump. In 
situ techniques such as reflection high-energy electron diffraction (RHEED) (black box 
in Figure 3.5) and spectroscopic ellipsometry (SE) are available for monitoring the 
growth process. Detailed description of these techniques will be given in the following 
sections. 
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Figure 3.4 Schematic of an MBE system (from wiki) 
 
Figure 3.5 MBE system employed in this research 
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3.3 Reflection High-energy Electron Diffraction  
Reflection high-energy electron diffraction (RHEED) is a technique for surface 
structural analysis. It requires an electron gun, a phosphor screen, and a clean surface. 
The first RHEED experiment was conducted by Nishikawa and Kikuchi in 1928 to see 
whether Kikuchi patterns observed by transmission electron diffraction were also 
observed in the reflection mode. Kirchner in 1932 observed many RHEED patterns 
through experiments on polished metal surfaces and thin metallic films evaporated on 
metal substrates. Kinematic diffraction theory (Kirchner and Raether, 1932; Raether, 
1932) was used to explain those patterns, especially the streaks and transmission 
patterns (see Figure 3.6). RHEED measurement was introduced to MBE growth of 
GaAs by Arthur and LePore in 1969. Since then, RHEED has become an essential tool 
in MBE growth. In GaN growth, RHEED can be used to monitor the growth condition, 
such as Ga or N rich, for two-dimensional growth, 3D growth, quantum dots and nano-
wires growth, and to extract information such as lattice constant, growth rate, and 
surface structure. RHEED reconstruction has been found to be very useful for GaN 
polarity determination [18].  
In RHEED, the electron beam, typically carrying an energy between 8 and 20 keV, 
hits a crystal surface at a grazing angle. Scattering at the surface leads to energy loss of 
electrons. Diffracted electrons leave the crystal at a similar grazing angle and reach the 
phosphor screen. A CCD camera system is mounted to the MBE chamber and takes the 
RHEED images and displays them on a computer screen. During our MBE growth, the 
voltage of the electron gun power supply is fixed at 15 kV, and the current at 1.4 to 1.5 
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A. Electron beam hits the sample surface at a glancing angle less than 5. The diffracted 
electrons hit the fluorescence screen after diffracting from the sample surface. In-situ 
RHEED imaging is viewed using a KSA400 software.  If the camera length, the 
distance between the sample and the diffraction pattern is known, RHEED can be used 
to determine lattice constants. The precision of inter-row separation a is 	ஔୟ௔ ൌ
௪
௅௦௜௡௩೔, 
where w is the beam width, L is the length between sample and camera, vi is the 
incident glancing angle [19]. If the beam width is 1mm, L is 15 cm, and vi is 2, the 
precision of the lattice constant would be 2%, which is not very good. Thus, in this 
research, we mainly use XRD to determine lattice constant. Figure 3.6 is a 3D sketch 
view of the diffraction process. The electron beam hits the sample surface, and 
diffraction conditions are constructed using the Ewald sphere model in the reciprocal 
space.  
 
Figure 3.6 3D sketch of scattered electrons in real space (From Jürgen Klein, PhD Thesis, 2001) 
A sample with very smooth surface and good crystallinity typically displays as 
streaky lines in RHEED. The explanation of the origin of the RHEED streaky lines is in 
Figure 3.7 using a 2D array of lattice points with finite sizes L1 and L2 perpendicular 
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and parallel to the incident direction respectively. Figure 3.7 (b) shows the diffraction in 
reciprocal space, and results as RHEED streaky lines in Figure 3.7 (c). The circle in the 
figure is called an Ewald sphere. The width and length of the streaky lines are equal to 
2 times the inverse of the finite size L1 and L2tanvi, respectively, where vi is the 
incident glancing angle. L1 and L2 can be taken as the coherence length of the 
crystallite. Large coherence lengths will lead to sharp streaky lines. If the surface is 
rough, typically a spot pattern will be observed. A polycrystalline surface has a ring 
shape diffraction pattern in RHEED.  Thus, RHEED is a very helpful tool to monitor in 
real time the nucleation and film growth. 
 
Figure 3.7 Explanation of the origin of the RHEED streaky lines. (a) 2-D array of lattice points 
with finite sizes L1 and L2 perpendicular and parallel to the incident direction respectively (b) 
Lattice points in reciprocal space (c) RHEED construction for (b); th the lengths of the streaks 
depend on the glancing angle of incidence, ϑ (from Ichimiya A. and Cohen P., Reflection high 
energy electron diffraction, 2004) 
In this work, we employ RHEED for two purposes: (1) Examining surface 
crystallinity and roughness of ZrTiN post growth by transferring it into the MBE 
chamber; (2) Monitoring the InGaN and GaN growth process.  
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3.4 Spectroscopic Ellipsometry 
Ellipsometry is an optical technique that measures the change of polarized light 
upon reflection from a sample. In ellipsometry, it is the amplitude ratio  and phase 
difference  between p- and s- polarized light which are directly measured. The change 
in polarization can then be used to extract information including optical constants, 
surface roughness, and film thickness. Ellipsometry has high precision with a sensitivity 
to 0.1 Å, and is nondestructive. One can make fast measurements with a wide 
application area.  There are two restrictions on ellipsometry measurements: (1) surface 
roughness has to be small to reduce surface scattering, and (2) the measurements have 
to be performed at oblique incidence. And, when using ellipsometry, a model has to be 
set up for data fitting and analyses.  
An electromagnetic wave traveling along z axis can be written as the sum of electric 
fields along x and y axes, Ex and Ey as: 
Eሺz, tሻ ൌ E௫ሺz, tሻ ൅ E௬ሺz, tሻ 
ൌ ሼE௫଴ expሾiሺt െ Kz ൅ ߜ௫	ሻሿሽ࢞ ൅ ൛ܧ௬଴ expൣ݅൫ݐ െ ܭݖ ൅ ߜ௬൯൧ൟ࢟, 
where  is the frequency of electric field, K the wave number, and ߜ௫ and ߜ௬ the phases 
of the electric field. The absolute values of ߜ௫ and ߜ௬ are not needed. Only the 
difference, =	ߜ௫-ߜ௬ is accounted for in the ellipsometry measurement. 
The optical elements in ellipsometry are polarizers (analyzers), compensators 
(retarders), and depolarizers (see Figure 3.8). The polarizer is placed in front of a light 
source and extracts linearly polarized light from an unpolarized light. Generally, it 
consists of prisms made from CaCO3 crystal. The performance of the polarizer is 
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characterized by the extinction ratio, which is defined as κ ≡ |ாೣబ|మหா೤బหమ ൌ
ூೣ
ூ೤, where Ix and Iy 
stand for the light intensities for the x and y directions. 
A compensator or retarder is placed behind a polarizer or in front of an analyzer to 
convert linear polarized light into circular polarized light. It is composed of a 
birefringent crystal and utilizes the refractive index anisotropy： 
δ ൌ ଶగఒ |݊௘ െ ݊௢|݀， 
where ݊௘ and ݊௢ refer to the refractive index for fast and slow optical axis,  is the light 
wavelength, and d is the thickness of the compensator.  
 A depolarizer is used to convert polarized light to unpolarized light. It can be 
employed to eliminate source polarization [20], polarization dependence of the grating 
spectrometers [21], and light detector sensitivity [22]. A depolarizer can be made from a 
birefringent crystal with a wedge shape so that light transmits through the depolarizer at 
different thickness; thus, polarized light becomes unpolarized after the depolarizer. 
The (,) measurements are conducted by defining the ratio of the amplitude 
reflection coefficients for p- and s-polarizations.  
ρ ൌ tanΨexpሺiΔሻ ൌ ௥೛௥ೞ ൌ ሺ
ாೝ೛
ா௜௣ሻ/ሺ
ாೝೞ
ா೔ೞሻ， 
where rp and rs are defined as the ratios of reflected electric fields to incident electric 
fields, and Erp, Eip, Ers and Eis stand for the reflected and incident electric field 
amplitude of p- and s-ploarized light respectively. Furthermore, amplitude reflection 
coefficients can be represented as following in polar coordinates: 
tanΨ ൌ หݎ௣ห|ݎ௦| 	ܽ݊݀	Δ ൌ ߜ௥௣ െ ߜ௥௦ 
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The definition of complex index Nn-ik is used in the following equation with n 
optical refraction index and k extinction coefficient. The dielectric constants can be 
written as follow: 
ε ൌ ߝଵ ൅ ߝଶ ൌ ܰଶ ൌ ሺ݊ ൅ ݅݇ሻଶ ൌ ݊ଶ െ ݇ଶ ൅ 2݅݊݇,	 
where ߝଵ ൌ ݊ଶ െ ݇ଶ	is the real part of the dielectric constant and ߝଶ ൌ 2݊݇ the 
imaginary part.  
In ellipsometry measurements, under the assumption of no surface layer on top, the 
measured dielectric constant, which is called pseudo dielectric constant, is an ‘effective’ 
dielectric constant of a semi-infinite slab of material of uniform composition which 
could be ascribed to the experimental data. <ε> relates to ρ and incident angle ϕ in the 
following equation: ൏ ߝ ൐ൌ ݏ݅݊ଶሺ߶ሻሾ1 ൅ ݐܽ݊ଶሺ߶ሻሺଵିఘଵାఘሻଶሿ. Only if the material is 
perfectly reflective, smooth, non-transmitting, and uniform would the ‘pseudo’ really 
equal the ‘actual’ dielectric constant.  
A model M-2000D spectroscopic ellipsometer from JA Woolam Inc. with 
wavelength ranging from UV to IR was employed for both in-situ and ex-situ 
measurements during this work. Figure 3.8 shows the schematic diagram of the 
ellipsometry instruments for in-situ measurements. The ellipsometry source and the 
detector are mounted onto an MBE chamber 2 ¾” viewports at an angle of ~71 to the 
sample surface. This angle value changes slightly after each mounting; thus, a system 
calibration on a reference wafer of thermal SiO2 on Si is needed for angle correction. 
Light from quartz and deuterium lamps passes through a polarizer and is incident on the 
sample surface, where it is reflected. The reflected polarized light goes through a 
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rotating compensator and becomes depolarized at the analyzer before reaching the 
detector. For ex-situ measurements, the incident angles are typically varied from 55 to 
75.   
 
Figure 3.8 Ellipsometry in-situ measurements 
During this work, we employed ex-situ ellipsometry for ZrTiN buffer layers 
deposited on c-plane sapphire and in-situ ellipsometry to monitor InGaN and GaN 
growth. As mentioned, for data analysis, a model has to be employed. As ZrTiN thin 
films are metallic and having free electron behavior in the near IR range, a Drude and 
Lorenz oscillator models were employed for ZrTiN optical constants extraction. Details 
will be explained in Chapter 4.  
3.5 X-Ray Diffraction 
When an X-ray beam is incident on a crystal sample surface, the beam is scattered by 
the atoms. Scattered X-ray is in phase and interfering with the incident X-ray beam. X-
ray diffraction (XRD) happens when the two beams are interfering constructively, 
meaning the light path difference is the integral multiplication of half wavelength of the 
X-ray beam. This is the typical “Bragg condition”, which can be written as 2dsin=n, 
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where d is the interplanar spacing in the crystal and  is the incident angle (see Figure 
3.9).  
 
Figure 3.9 X-ray diffraction under Bragg condition. Scattering vector S=K’-K0 
X-ray sources used in XRD are typically based on inner core radiation from a 
copper target. The resulting X-ray line is called Cu-K, mainly consisting of K1 and 
K2. Figure 3.10 is the diagram of a powder and high resolution X-ray diffractometers 
(HRXRD) [23]. A standard powder diffractometer has a divergent x-ray beam and 
contains mainly Cu K1 and K2, with the intensity of K2 being approximately half of 
K1. In addition to   K1 and K2, K and W lines can be also present. The presence of 
K2, K, and W lines reduces the resolution and makes it hard to detect weak peaks 
near a substrate peak. Its advantage is that it offers a high intensity X-ray beam, which 
is effective for measuring poorly oriented samples. HRXRD eliminates additional K2, 
K, and W lines, leaving only K1 line by using a monochromator in front of the 
sample. Used in conjunction with a crystal analyzer on the detector, the absolute 2 
value, which is the angle between incident and scattered beam, can be measured. As the 
Bragg angle  is half of 2, the interplanar spacing d is thus determined. Lattice 
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constant can be calculated using the relationship	 ଵௗమ ൌ
௛మା௞మା௟మ
௔మ  in cubic crystal and	
ଵ
ௗమ ൌ
ସ
ଷ ቀ
௛మା௞మା௛௞
௔మ ቁ ൅
௟మ
௖మ in hexagonal crystal, where h, k, l are the miller indices, and the 
former a is the lattice constant in a cubic crystal, and the latter a and c are in-plane and 
out of plane lattice constants in a hexagonal crystal.  
 
Figure 3.10 Example geometries for (a) powder diffraction (b) High-resolution diffraction 
(analyzer crystal optional) (From Moram et al. 2009) 
Figure 3.11 shows the sample rotation axes in a typical “four-circle” diffractometer. 
Four axes can be rotated, corresponding to , 2, ϕ, and .   is the incident angle 
between X-ray beam and sample surface, and -scans measure the film quality by 
detecting the broadening by dislocations and wafer curvature. 2 is the angle between 
incident beam and the detector. -2 or 2- scans probe along crystal plane normal 
which generally has less broadening, and are required for lattice determination. The 
coherence length is the length where the phase of the X-ray beam remains constant. The 
relationship between the scans [24] can be written as: (a) perpendicular coherence 
length: ߝୄ ൌ ଶగ|୼௚఼| ൌ
ఒ
୻మഇ௖௢௦ఏ and (b) lateral coherence length ߝ∥ ൌ
ଶగ
|୼௚∥| ൌ
ఒ
ଶ୻ഘ௦௜௡ఏ , 
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where Δ݃ୄ and Δ݃∥ stand for the perpendicular and parallel width of the diffraction 
vector from diffraction intensity distributions, Γఠ and Γଶఏ for the FWHM value in -
scan and -2 scans,  for Bragg angle, and  for X-source wavelength. Φ is the 
rotation angle of the sample surface along the surface normal and  is the tilt angle of 
the sample surface normal with the X-ray beam. Phi scans can reveal the crystal 
structure and epitaxial relationships between the epilayer and the substrate. The width 
of a phi scan peak is related to the twist between the various domains present in the 
sample.  
 
Figure 3.11 Scan axes of a “four circle” X-ray diffractometer 
In III-nitride materials, the -scans of 000l reflections are used to measure the tilt 
for mixed or screw dislocations [25]. Edge dislocations don’t distort the (000l) planes 
since their Burger vectors lie within those planes [26]. The -scans of off-axis (hkil) 
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reflections with either h or k  0) [27] can give the twist of the crystal caused by edge 
and mixed dislocations. If l 0, the -FWHM is affected by both tilt and twist. When 
l=0 and h or k  0, -FWHM is purely affected by only twist. However, since X-ray 
spatial resolution is usually bad, instead of using reflections with l=0, where practically 
 is 90, reflections at high  angles are used when the in-plane twist is dominating. The 
density of skew and edge dislocations can be calculated from tilt and twist -FWHMs 
using the equations [28]: ߩ௘ ൌ ∆ఠ೐
మ
ସ.ଷହ௕೐మ 	and	ߩ௦ ൌ
∆ఠೞమ
ସ.ଷହ௕ೞమ, with ∆e and ∆s the FWHM of 
twist and tilt -scans, and be and bs the Burgers vectors of edge-type and screw-type 
dislocations. Figure 3.12 shows the tilt and twist of the crystallites. 
 
Figure 3.12 (a) Tilt and (b) twist of crystallites.  ε⊥ and ε∥ are the perpendicular and lateral 
coherence length respectively ( from März, 2009). 
In this work, we performed 2-, , and ϕ scans on the synthesized ZrTiN buffer 
layers and InGaN epilayers. -FWHM is used as an important criteria for quantifying 
thin-film crystallinity.   
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3.6 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS), which is one of the most mature electron 
spectroscopies for chemical analysis (ESCA), measures the binding energy of electrons 
ejected from a sample surface. Core electrons are attracted by the nucleus, and they are 
moving in orbitals. The value of the binding energy between the electrons and nucleus 
depends on the orbital, nuclear charge and size, and also neighboring atoms.  
 
Figure 3.13 (a) Photo-electron emission from oxygen atom and (b) XPS surface analysis 
As shown in Figure 3.13, photons from an X-ray source hit the sample surface, 
interact with atoms, and cause the ionization of core electrons, leading to electron 
ejection. The penetration depth of X-ray photons of 1 keV is approximately 1 µm or 
more. As the mean free path of electrons in the bulk is very small, only electrons ejected 
near the surface, typically within 5～10 nm from the top, have a high probability of 
escaping from the sample. An UHV condition is needed to avoid further collisions and 
scattering. An electron analyzer measures the kinetic energy of ejected electrons, EK. 
Thus, the binding energy of the electron, EB in the sample can be written as 
ܧ஻ ൌ ԰ݒ െ ܧ௄ െ Φ, 
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where ԰ݒ is the energy of the photon, and Φ is the work function of the spectrometer, 
measured by calibration from standard samples, such as Au. A correction term is 
needed for insulators, as the ejected electrons leave a positive charged surface. Scans of 
binding energy over a wide range (survey scans) can reveal present elements in the 
sample, as well as the percentage of certain elements in the surface region. Using an 
angular-dependent XPS set up, a non-destructive depth profile can be achieved over ~ 
10-40 nm range by taking account the shadowing effect and variation of the electron 
escape depth as the acceptance angle of the electron analyzer is varied. With ion 
etching, such as Ar sputtering, depth profiles hundreds of nanometers into the sample 
can be performed.  
      The main components in an XPS instrument are the vacuum system, X-ray source, 
electron analyzer, and data system as shown in Figure 3.14.  Al and Mg are the most 
common targets for non-monochromatic and monochromatic X-ray sources. The 
analyzer system consists of three components: the collection lens, the energy analyzer, 
and the detector. The collection lens collects photoelectrons emitted from the sample. 
Energy analyzers are usually electrostatic in design with hemispherical analyzers being 
the most popular and used in our studies. It consists of two concentric hemispheres of 
radius R1 and R2 with different potentials. The potential at the center line is known as the 
pass energy. When the photoelectrons travel in the hemisphere, they get deflected by 
the electrostatic field. As the potential difference between the two hemispheres is 
varied, only electrons within an appropriate kinetic energy window are able to reach the 
detector and collected. 
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Figure 3.14 A schematic diagram of an XPS system using a monochromatized X-ray source 
(from Surface Analysis) 
Since most thin films display a compositional variation with depth, depth profiling 
of the sample is sometimes desirable. Nondestructive methods collect XPS spectra at 
different angles by either rotating the sample or the detector to take advantage of the 
change of the X-ray penetration depth with incident angle. More commonly used 
destructive methods remove the surface layer by layer using a sputtering method.  
In this study, we employed XPS to investigate the chemical composition of the 
ZrTiN thin films as well as to get stoichiometry information for ZrN. Combining 
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compositional XPS results with lattice constant determination by XRD, we will discuss 
the validation of Vegard’s law for the ZrTiN material system. 
3.7 Ion Channeling via Rutherford Backscattering 
3.7.1 Rutherford Backscattering 
Rutherford backscattering spectroscopy (RBS) detects the energy and the amount of 
backscattered ions from a solid target. Mono-energetic He ion beams of the MeV level 
are typically used. Figure 3.15 is a schematic diagram of a typical RBS system. He+ 
ions leave the ion source, reach the desired energy level after passing through an 
accelerator, and become focused by the focusing magnets. The beam size is varied by 
the slit size before hitting the sample. The incident He ion beam gets backscattered by 
the sample, detected by a solid detector, amplified by a preamplifier and analyzed by 
the computer. The detector is usually positioned at angles ranging from 100-170 from 
the ion beam direction.  
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Figure 3.15 A schematic diagram of a typical backscattering spectrometry system (From 
Backscattering spectrometry, Chu et al., 1978) 
The RBS method can be used for film thickness and composition determination. 
Figure 3.16 shows the backscattering spectrum from a thin film [29]. The energy width 
 represents the finite film thickness t, and it is the difference between the energy of 
particles backscattered from the surface and those backscattered from the film-substrate 
interface. The dependence of energy loss on depth, dE/dx, is known. Thus, the energy 
loss of particles scattered from the back of the film can be calculated as the sum of the 
energy losses on the inward and the exit paths. Detailed calculation processes are 
discussed in the books by Chu et al. (1978) and Mayer and Rimini (1978). 
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Figure 3.16 Schematic of energy spectrum of particles scattering from a thin film (M3, Z3), of 
thickness t and substrate (M2, Z2) 
3.7.2 Ion Channeling  
Ion channeling or ion beam channeling happens when the energetic ion beam’s incident 
direction is parallel to a low index axis or plane of a crystalline solid. The chance of 
ions interacting with the subsurface atoms decreases due to the masking effect of the 
surface atoms on atoms below the surface. Furthermore, aligned atoms cause incident 
ions to experience a series of small angle correlated scattering events, resulting a large 
drop of backscattered ions compared to a case of ion incidence in a direction that does 
not fall along a low index axis or plane. Figure 3.17 shows an ion channeling process in 
a crystal solid [29]. 
89 
 
 Figure 3.17 Schematic of the energy spectra for the beam aligned with a symmetry direction of 
the crystal and in a random direction, meaning misaligned with any major crystallographic 
direction [28]. 
Ion channeling phenomena can be observed via Rutherford backscattering 
spectrometry (RBS), a nuclear reaction analysis (NRA), and an inner shell ionization 
particle induced X-ray emission (PIXE). As the channeling process is an interaction 
process between energetic ions and a crystalline solid, it has numerous applications with 
its penetrating ability, depth resolving ability, and short interaction time. It is used to 
extract details of the lattice structure, especially deviations from the ideal structure. 
Channeling angular scans can be used in analyzing strain in superlattices [30-32] and 
sensitive lattice dynamics studies [33, 34]. Figure 3.18 is an example of channeling 
angular scan of 480 KeV proton on W <001> [29].  
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 Figure 3.18 Channeling angular scan with 480 keV on W<001> [28], with min the minimum 
yield and 1/2 the critical angle. 
In this work, we have used RBS for thickness determination of ZrN thin films. Ion 
channeling via RBS were conducted on selected ZrN, InGaN and GaN samples to 
determine thin-film crystallinity and surface state. 
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Chapter 4  
ZrN Growth and Characterization 
In this chapter we will start with a deposition rate understanding of the sputtering 
system via a quartz crystal microbalance study. Then we will go over the optimization 
process of achieving (111)-oriented ZrN thin films with high crystal quality. Individual 
parameters, deposition rate, growth temperature, and the film’s thickness’s effect on the 
film orientation and properties will be discussed. Finally, we will give a summary of the 
ZrN growth and encountered issues during the film deposition. 
4.1 Deposition-Rate Study  
The ZrN deposition-rate study was conducted by employing a quartz crystal 
microbalance (QCM) under various target powers, chamber pressures, Ar and N2 flow 
rates, and different gas injection combinations. Our aim was to understand the 
sputtering system and determine how the various system parameters affect the 
deposition rate. Due to the small target size and cooling efficiency, the DC target power 
is operated below 100 W.  
Though the system configuration was introduced in section 3.1.4, it is necessary to 
revisit the sputtering system. Figure 4.1 (a) is a schematic diagram of the sputtering 
system used for the experiments conducted in this research. It consists of a DC 
magnetron sputtering system equipped with three MDX 500 DC supplies powering 
96 
 
three 1.5” size target sources. A detailed schematic of the target as a self-contained 
sputter source in an unbalanced magnetron mode is shown in Figure 4.1 (b). The target 
sits on a cathode and a grounded shield acts as an anode with a 5-cm-tall chimney 
placed on top to prevent cross contamination between targets. Gas tubing for Ar and N2 
injection passes through the grounded shield for each target. A radio frequency (RF) 
generator is connected to the substrate holder. The substrate is radiatively heated using 
two halogen lamps with a K-type thermocouple, placed behind the sample holder, 
measuring the temperature coming from the reflected heat. The distance between the 
target and the substrate is approximately 12 cm. The base pressure of the chamber is 
1.4× 10-8 Torr. During deposition, gas pressure is monitored by a Baratron type gauge. 
Ar is used as the main work gas while N2 acts as the reactive gas. As shown in the 
diagram, the flow rates for Ar and N2 are separately controlled by two flow meters. Ar 
and N2 can be injected in three combinations: (1) mixed and injected from the work 
target area, (2) mixed and injected from a different target area other than the work target 
or substrate surface area and (3) separately as Ar from the target and N2 from the 
substrate area. A quartz crystal microbalance system, Inficon XTC/2, is available for 
monitoring the deposition rate.  
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Figure 4.1 (a) Schematic of the sputtering system and (b) target configuration 
4.1.1 ZrN Deposition-Rate Study 
In the sputtering system, work gas pressure, target power, and reactive gas content are 
the main parameters that are influencing deposition rate. Figure 4.2 shows the pure Zr 
deposition-rate dependence on gas pressure and target power under Ar plasma with gas 
injection from Zr target area. The deposition rate drops when increasing gas pressure or 
decreasing target power. The target power is directly related to the density of Zr atoms 
sputtered from the target surface while the chamber pressure inversely relates to the 
mean free path of Zr atoms. When the chamber pressure is increased, a higher number 
of collisions occur between the sputtered flux and the background gas thereby reducing 
their mean free path; thus, less sputtered atoms can make their way to the substrate.  
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Figure 4.2 (a) Zr deposition-rate dependence on gas pressure at Zr power 40 W, Ar flow rate of 
10 sccm and (b) Zr deposition-rate dependence on target power at pressure 3.5 mTorr, Ar flow 
rate of 10 sccm 
When injecting reactive gas N2 into the chamber, the deposition rate drops as well. 
Figure 4.3 shows a plot of ZrNx (x is indicating the unknown Zr/N ratio with increasing 
N2 flow rate) deposition rate (DR) as a function of N2 flow rate with Ar+N2 gas mixture 
injected from the Zr target area. The following parameters are selected for comparison: 
(a) target powers of 50 W and 80 W, (b) chamber pressures of 3 mTorr and 6 mTorr, (c) 
Ar flows of 10 sccm and 21 sccm. The deposition rates are calibrated with ZrN 
thickness measured by X-ray reflectivity.  
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Figure 4.3 ZrNx deposition-rate dependence on N2 flow rate (all of the curves) at (a) Zr target 
power at 6 mTorr and Ar of 21 sccm, (b) chamber pressure at target power of 80 W and Ar of 
21 sccm, and (c) Ar flow rate at target power of 80 W and Ar of 21 sccm, with with Ar and N2 
mixed prior to injection from Zr target area 
Figure 4.3 shows that for all of the target powers, the deposition rate is decreasing 
with increasing N2 flow rate, which indicates a transition from pure Zr metal to ZrNx 
with higher N2 flow rates. Increasing target power and decreasing chamber pressure 
increase the ZrNx deposition rate. When decreasing Ar flow from 21 sccm to 10 sccm, 
at the same Ar/N2 ratio (21/1 sccm, 10/0.47 sccm), Ar flow of 10 sccm yields a slightly 
higher deposition rate. Based on the trend observed in the deposition rate relationship 
with pressure, this is probably due to the pressure differential between local target area 
and global main chamber pressure. Though the global pressure is kept constant at 6 
mTorr by manually adjusting the main chamber gate valve position, the local pressure 
around the target area is certainly affected by the flow rate. To verify this hypothesis, a 
pressure differential study was conducted and the results are discussed in the next 
section.  
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4.1.2 Local vs. Global Pressure 
To investigate the pressure differential between the local target area and global chamber 
area, a series of deposition rate studies were conducted under various conditions. Figure 
4.4 (a), (b), and (d) are plots of ZrNx deposition-rate dependence on N2 flow rate, while 
Figure 4.4 (c) is a plot of Zr deposition-rate dependence on chamber pressure. In Figure 
4.4 (a), the ZrNx deposition rate is monitored when a mixture of Ar and N2 is injected 
from either the Zr target or the Ti target. It shows that at the same N2 flow rate and 
chamber pressure of 6 mTorr, the ZrNx deposition rate increases when the injection port 
is changed from being the Zr target to the Ti target. It should be noted that injecting the 
Ar+N2 mixture from either the Ti target or the sample surface area yields the same 
deposition rate for ZrNx. In Figure 4.3 (b) the ZrNx deposition rate is monitored when 
Ar is injected from Zr target but N2 is injected either from the Zr target area or the 
substrate area. Since the N2 flow rate is relatively low compared to the Ar flow rate (21 
sccm), the difference in the deposition rate caused by the N2 injection position is due to 
the N2 concentration difference between the target area and the main chamber. At 6 
mTorr, the N2 mean free path is around 1 cm. Considering that the distance between the 
target and substrate surface is 12 cm, there would be a N2 concentration gradient along 
the line from the target area to the substrate area. In an attempt to quantify this pressure 
differential, Zr was sputtered under an Ar atmosphere with a flow rate of 21 sccm 
originating from the Zr target (black square) or the Ti target (red circle) at different 
chamber pressures, as shown in Figure 4.4 (c). The two curves with different slopes 
show that the pressure difference is varying with the main chamber pressure. A chamber 
pressure of 6 mTorr with Ar injected from the Zr target area yielded the same 
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deposition rate as a chamber pressure of 8.7 mTorr with Ar injected from the Ti target 
area. Based on this observation, ZrNx deposition rate was investigated for various Ti 
target powers with the Ti target gun shutter closed, and Ar and N2 mixed prior to 
injection from the Ti target at a chamber pressure of 8.7 mTorr.  At low N2 flow rates, 
the deposition rate of ZrNx increases with increasing Ti target power. At high N2 flow 
rates, when the N species density is above a minimum threshold, the ZrNx deposition 
rate tends to be independent of Ti target power conditions. This confirms that a 
significant depletion of N species occurs in the near Ti target region.  
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Figure 4.4 (a) ZrNx deposition-rate dependence as a function of N2 flow rate when the Ar and 
N2 mixture is injected from either Zr or Ti target areas;(b) ZrNx deposition rate when Ar is 
injected from Zr target area and N2 injected from either Zr target or the substrate area;(c) Zr 
deposition-rate dependence on pressure when Ar injected from Zr or Ti target areas; And (d) 
ZrNx deposition rate under different Ti target power conditions when the mixture of Ar and N2 
is injected from Ti target area (Ti shutter closed) 
It is worth noting that the ZrNx deposition rate also decreases as the Zr target is 
consumed. As the target atoms are sputtered away, the erosion state of the target 
changes. Because as the sputtering process goes on, Zr is also deposited in the target 
area, which leads to changes in the environment of the target and also the ground shield, 
which acts as the anode. Quantification of these types of time-dependent effects was 
beyond the scope of this work.  
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In summary, the ZrNx deposition rate is influenced by many factors, which include 
target power, chamber pressure, and Ar and N2 flow rates. All of these factors affect the 
Zr and N2 density during the deposition process. In our system configuration, we find a 
strong influence of the gas mixture injection position and how N2 is injected into the 
chamber on the deposition rate. The latter is attributed to the difference between the 
local target pressure and the global chamber pressure. As a high local target pressure is 
preferable for obtaining a stable plasma, the Ar flow rate was chosen to be 21 sccm 
instead of 10 sccm for the majority of the remaining work.  
4.2 Structural Optimization Process of ZrN Growth 
4.2.1 Experimental Procedure  
One-quarter of 2” size c-plane Al2O3 substrates, back coated with 1200 Å thick Ti for 
thermal absorption were cleaned by dipping for 5 min in each of boiling 
trichloroethylene, acetone, and methanol, followed by DI water rinsing for two cycles, 
and then blow-dried using nitrogen. Prior to deposition, Zr (purity 99.7%) and Ti (purity 
99.997%) targets are deoxidized using a 3 min sputtering sequence in pure Ar plasma, 
followed by 10 min sequence in Ar and N2 mixtures for a nitridation and plasma 
stabilization step. The Ar flow rate was fixed at 21 sccm, target power from 30 to 80 W, 
chamber pressure from 3 to 6 mTorr, and growth temperature from 150 to 800 C. All 
samples were deposited for approximately 2 h. Detailed growth conditions are listed in 
the section close to the results.  
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Film crystallinity, orientation, and lattice constants were determined using a 
Siemens D5000 powder X-ray diffractometer (PXRD) with Cu Kα radiation and two 
Four-circle high resolution X-ray diffractometers (HRXRD) with Cu K1 radiation. The 
lattice constant of ZrN was determined by HRXRD with a Ge 220 analyzer placed in 
front of the detector. A separate HRXRD system was employed for off axis phi scans.  
4.2.2 Structural Optimization  
Though there is some literature reporting ZrN deposition using magnetron sputtering, 
the growth conditions vary from system to system. Early trial growths at low substrate 
temperature and under N2 rich conditions (N2 flow rate >1 sccm) resulted in 
polycrystalline films. The (111) peak intensities from XRD characterization of those 
layers was very low. The deposition rate in these experiments was also relatively low 
compared to other typical sputtering systems due to the small target size. High 
temperature was believed to be essential in achieving high crystalline (111) oriented 
film both from literature [1, 2] and our preliminary results. 
Based on the deposition rate QCM study and the results of the early polycrystalline 
samples, initial growth conditions were chosen to be at 80 W, 6 mTorr, an Ar flow of 21 
sccm, and a N2 flow rate at 1sccm. To see how the other parameters affect the film 
orientation and crystallinity, Zr target power, substrate temperature, N2 flow rate, and 
chamber pressure, were varied. Table 4.1 lists the growth conditions for seven selected 
ZrN samples for coarse process optimization and study purposes. The results from 
PXRD characterization, peak (111) intensity ratio over the total intensity of peaks (111) 
and (200) for all samples, along with (111) peak rocking curve FWHMs for three 
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samples, are also listed. The preferred (111) crystallographic film orientation was the 
primary property being optimized in this portion of the study.  
By comparing the results, we found that the target power, chamber pressure, and N2 
flow strongly affect the crystallographic film orientation. Sample No. 2 exhibits the 
highest I(111)/(I(111)+I(200)) ratio with a rocking curve (RC) FWHM of 0.5 by PXRD. The 
(111) intensity ratio was reduced by (a) lowering the target power from 80 W for No.2 
to 50 W for sample No.3 (b) lowering the chamber pressure from 6 mTorr for sample 
No. 1 to 3 mTorr for sample No.5 and (c) lowering N2 flow rate from 1 sccm for sample 
No.1 to 0.75 sccm for sample No.7. However, doubling the N2 flow rate from sample 
No.2 to sample No.4 resulted in a large drop of the (111) peak intensity ratio. In 
addition, a 40 C increase in the substrate temperature from No.1 to No.2 resulted in the 
elimination of the small (200) peak at 39.3 present in sample No.1. This also decreased 
the (111) peak rocking curve FWHM from 0.63 to 0.50. In spite of different target 
powers and N2 flow conditions, both sample No.2 and sample No.6 exhibit near 
identical RC FWHMs with full (111) and almost full (111) crystallographic 
orientations, having (200) peak intensity less than 10 counts per second, compared to 
74k counts per second at the (111) peak. This indicates that to obtain pure (111) 
oriented ZrN film at different deposition rates, at least two parameters should be varied. 
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Table 4.1 Deposition conditions for ZrN and PXRD characterization analysis results 
Sample 
No. 
Zr 
Power 
(W) 
Temp. 
(C) 
Ar/N2 
(sccm) 
Chamber 
pressure 
(mTorr) 
I(111) 
/(I(111)+I(200)) 
by PXRD 
(111) 
RC 
FWHM 
at by 
PXRD 
(±0.01)
No.1 80 720 21/1 6 >99.9% 0.63 
No.2 80 760 21/1 6 100% 0.50 
No.3 50 760 21/1 6 >76% ----- 
No.4 80 760 21/2 6 >78% ----- 
No.5 80 720 21/1 3 >97% ----- 
No.6 50 760 21/0.5 6 >99.98% 0.48 
No.7 80 720 21/0.75 6 >99.8% ----- 
 
Based on the results that sample No.2 has a single-crystalline (111) orientation and 
that temperature improves film crystallinity, the growth temperature is raised up to 800 
C, which is close to the maximum possible temperature in the deposition system, with 
all other parameters unchanged. After replacing the target with a brand new one, the 
repeat of deposition ZrN at 80 W, Ar flow of 21 sccm, N2 flow rate at 1 sccm, chamber 
pressure at 6 mTorr at both 760 C and 800 C gave different XRD results. As shown in 
Figure 4.5, the unwanted (200) peak showed up in XRD scans, and the metal phases, 
peaking around 30, showed up as well when decreasing N2 flow further. This is due to 
the fact that, as the sputtering process progresses, the target erodes, causing the 
deposition rate to drop for nominally-unchanged deposition parameters. In addition, 
when the N2 flow rate is insufficient, the (200) peak shows up as well. Conversely, 
when a new target is installed, a lower power yields the same DR. As such, the power 
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used for the samples shown in Figure 4.6 is 65 W, equivalent to the 80 W for sample 
No.2.  
 
Figure 4.5 XRD scans of ZrN deposition at (1) 760 C, and 1.00 sccm N2 (black curve), (2) 800 
C, and 1.00 sccm N2 (red curve), and (3) 800 C, and 0.90 sccm N2 (blue curve). Other 
parameters are at 80 W, Ar 21 sccm, and 6 mTorr 
For a more detailed study, the N2 flow rate was varied from 1.00 sccm (4.5%) to 
1.25 sccm (5.6%) and 1.5 sccm (6.7%), with a target power at 65 W, growth 
temperature at 800 C, chamber pressure at 6 mTorr, and Ar flow of 21 sccm mixed 
with N2 before injection from the Zr target. Figure 4.6 shows PXRD -2 scans and 
rocking curves of (111) reflections, respectively. Increasing the N2 flow rate from 1.00 
sccm to 1.25 sccm reduced the FWHM from 0.49 to 0.36. However, a further increase 
in the flow rate to 1.50 sccm increased the FWHM to 0.57 and results in the presence 
of (100) oriented material. This is in good agreement with trends observed in published 
studies for HfN deposition [3] where stoichiometric samples exhibited the lowest 
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FWHM values. It is to be noted that single crystalline Al2O3 substrates exhibit a rocking 
curve FWHM of 0.17 at the (0006) reflection due to the low instrument resolution of 
the powder X-ray diffractometer. From the analysis above, it is clear that parameters 
such as target power, chamber pressure, N2 flow rate, and substrate temperature, have 
strong effects on the film orientation and crystallinity, and that they are interrelated as 
well.   
 
Figure 4.6 (Left) PXRD scans of ZrN deposited at N2 flow rates at: 1.00 sccm, 1.25 sccm, and 
1.5 sccm; (Right) Rocking curves of ZrN (111) reflection and Al2O3 (0006) reflection by 
PXRD. 
Phi scans of the ZrN (200) off-axis Bragg peaks, inclined 54.74 with respect to the 
[111] direction, reveal a 6-fold symmetry for ZrN films as shown in Figure 4.7. The 
Al2O3 (102) off-axis peaks are inclined 57.61 with respect to the sapphire [0001]. Since 
the (111) plane in a perfect cubic crystal has a 3-fold symmetry, the 6-fold symmetry of 
this ZrN indicates that there are twin (111) planes in mirror reflection to each other due 
to underlying layers’ hexagonal symmetry, as reported earlier for TiN on sapphire [4] 
and ZrN on AlN buffered silicon [5]. A single crystal sapphire substrate has 6-fold 
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symmetry, but only a 3-fold symmetry of the (102) peaks about the [0001] axis. The 
observed ±30 rotation about the [111] direction relative to c-plane Al2O3 substrates 
also typically occurs when III-Nitrides are grown on sapphire substrates [6] and TiN on 
sapphire, as previously reported [7]. This rotation is possibly due to the large lattice 
mismatch between ZrN and c-plane Al2O3. The epitaxial relationship of ZrN films on c-
plane Al2O3 substrates is ZrN [11ത0] (111) || Al2O3 [11ത00] (0001).  
 
Figure 4.7 Phi scans of the (200) peaks for ZrN and (102) peaks for Al2O3 
4.3 Deposition-Rate Effect on ZrN Thin Films 
In the deposition-rate study in section 4.1, the deposition rate is measured by QCM 
while changing mainly the N2 flow rate. In this section, we will discuss the results of 
(111)-oriented ZrN thin films deposited at conditions with both target power and N2 
flow rate changes. Our purpose was to find the ZrN deposition conditions which add 
smooth surface and high crystallinity.  
110 
 
4.3.1 Deposition-Rate Effect on Film Crystallinity 
The optimization process has been discussed in section 4.2.2, and (111)-oriented ZrN 
were achieved. Using a similar process with changing target power and N2 flow rate, 
two other ZrN samples were deposited at an Ar flow of 21 sccm, 6 mTorr, and 800 C 
for 2 hr with the target powers and N2 flow rates as listed in Table 4.2. Table 4.2 also 
lists both PXRD and XRD results. All three samples are (111) oriented without any 
(200) peaks observed in XRD -2 scans. In the RC FWHM values, the PXRD and 
HRXRD show different results. The PXRD RC FWHM value of ZrN deposited at a 
high deposition rate is larger than the other two deposited at slightly lower deposition 
rate; however, they have close to single crystal RC FWHM values in the HRXRD 
measurements. The lattice constant extracted from the ZrN (111) peak shows an 
expansion from high deposition rate to low deposition rate. One possible explanation 
for this result is attributed to film thickness. As Al2O3 substrate has a larger in-plane 
lattice constant, tensile strain may exist in the ZrN thin film. When the thickness 
increases, the ZrN thin films tend to relax to the lattice constant of bulk ZrN. 
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Table 4.2 ZrN deposition condition and XRD characterization results 
Sample Zr 
Power 
(W) 
Ar/N2 
(sccm) 
Thickness 
(nm) 
(111) RC 
FWHM 
PXRD  
(111) RC 
FWHM 
HRXRD 
Lattice 
constant 
from 
(111)(Å) 
SP230 65 21/1.25 110 0.36 0.004 4.571 
SP242 30 21/0.5 40 0.24 0.006 4.579 
SP262 40 21/0.8 72 0.25 0.004 4.573 
  Figure 4.8 displays the RBS channeling measurements from samples SP230 and 
SP242. The measurements were taken with a 2 MeV He+ ions, scattering angle for 
SP230 at 140 and SP242 at 150. The channeling spectrum was taken along the (111) 
axis. The normalized yield for SP230 is 33% and that of SP242 is 10%. The decreased 
minimum yield also indicates the better crystallinity of ZrN thin films deposited at low 
deposition rate, in agreement with the PXRD results. 
 
Figure 4.8 RBS random and channeling spectrum of (a) SP230 and (b) SP242 
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4.3.2 Deposition-Rate Effect on Surface Morphology 
One purpose for studying the deposition-rate effects was to find a condition which leads 
to a smooth ZrN surface for further epitaxy of InGaN growth on top. Figure 4.9 shows 
the AFM images of those samples, which were taken under tapping mode. As can been 
seen, all of the three samples exhibit nanometer scale roughness. With increasing 
deposition rate, the surface roughness increases from 0.3 nm, 1.5 nm to 1.9 nm. 
 
Figure 4.9 AFM images of SP 242, (a) and (d) with RMS 0.3 nm, SP262 (b) and (e) with RMS 
1.5 nm, and SP230, (c) and (f) with RMS 1.9 nm. 
Since the ZrN thin films are ultimately being deposited to serve as buffer layers for 
InGaN, we examined their surface roughness and surface crystallinity using RHHED. 
For that study the samples were loaded into the MBE chamber. In figure 4.10 are the 
RHEED images of the three AFM samples. SP242, which had the lowest deposition 
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rate, barely has any RHEED patterns at room temperature, similar to the case of 
amorphous samples; SP262, has a spotty pattern at room temperature; SP230, with the 
highest deposition rate, shows a 2D+3D RHEED pattern after high temperature 
annealing. Overall, we found that most of the ZrN samples have similar surface 
RHEED patterns similar to SP262 at room temperature. After annealing, the RHEED 
images became sharper and more spots appeared. This is probably due to the presence 
of an amorphous oxide surface layer as confirmed by XPS measurements. These XPS 
results will be discussed in chapter 5 along with those from ZrTiN. In addition, more 
RHEED data from the ZrN samples before GaN growth will be presented and discussed 
in chapter 6.  
 
Figure 4.10 RHEED images taken from <110> azimuth of (a) SP242, (b) SP262, and (c) 
SP230. (a) and (b) are taken at room temperature and (c) is taken after high temperature 
annealing. 
In this section, we discussed our results on (111)-oriented ZrN thin films deposited 
under variable target power and N2 flow rate conditions. Three ZrN samples were 
deposited at different deposition rates. XRD shows that all the films are highly 
crystalline with low RC FWHMs. AFM characterization on the sample reveals an 
increase of surface roughness with deposition rate. RHEED images on those samples 
are either 3D or 2D plus 3D patterns, indicating a large surface roughness.  
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4.4 Growth-Temperature Effect 
In previous growths, ZrN thin films were deposited at 800 C- the highest possible 
temperature in our system. Since such a high temperature is not very practical in every 
system, it is essential to know how the growth temperature affects film crystallinity and 
properties. Our aim here is to find a compromise between growth temperature and film 
quality. Few studies of growth-temperature effects on ZrN films orientation and 
crystallinity are reported in the literature [2, 8-16]. It has been found that orientation of 
the ZrN thin films depends greatly on the substrate. It favors (200) orientation on (100) 
Si [8, 9, 11] , (100) MgO [17, 18] and (11ത02)-Al2O3 [2] substrates and (111) orientation 
on (111) Si [12], c-plane GaN/Al2O3 [19], AlN/(111) Si [20], and c-Al2O3 [21] 
substrates.  Growth temperature affects the orientation and rocking curve FWHM values 
of ZrN thin films on (111) Si [12]. However, in this study, single (111) oriented ZrN 
films with nearly identically small FWHM values are deposited on Al2O3 substrates at 
temperatures ranging from 150 C to 800 C. 
As described earlier, ZrN is a potential material as a back reflector and Ohmic 
contact in III-Nitride devices. Thus, in addition to the film crystallinity dependence on 
the growth temperature, we also investigated their optical and electrical properties 
dependence on the growth temperature. 
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4.4.1 Growth-Temperature Effect on Film Crystallinity 
For the temperature variation effects, the growth conditions were as follows: Zr target 
power of 30 W, Ar flow rate of 21 sccm, N2 flow rate of 0.5 sccm, chamber pressure of 
6 mTorr, and growth temperature ranging from 800 C to 150 C. 
Figure 4.11 (a) presents the -2 scans from PXRD of ZrN thin films deposited at 
substrate temperatures of 150, 350, 500, 650, and 800 C. As the temperature was 
lowered from 800 C to 150 C, the orientation of ZrN was not affected and all samples 
exhibited a preferential (111) orientation. The (200) peak at 39.3 can hardly be 
observed. Figure 4.11 (b) displays the normalized (111) reflection rocking curves. The 
most telling difference is that the diffraction tails are different for each of the samples. 
One possible explanation for the data is that raw (111) intensities of samples deposited 
at low growth temperature are low. A second explanation could be a change in the 
defects density with temperature. The (111) peak intensity increases approximately 
linearly above a growth temperature of 350 C. The second explanation is more likely 
because the rocking curves of single crystal substrate don’t have any broad tails. RC 
FWHM values by HRXRD, which are in the range of 14~22 arcsec, shown as black 
squares in Figure 4.11 (d), do not show an obvious trend with growth temperature, 
which is in agreement with the PXRD results shown in Figure 4.11 (b). This non 
dependence on growth temperature is in conflict with previous reports of ZrN (001) on 
Si (001) [9] and ZrN (111) on Si (111) [12] thin films, in which the rocking curve 
FWHM values decrease with increasing substrate temperature. However, the lattice 
constant shown in Figure 4.11 (d) (red triangle) calculated from the (111) peak position 
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does change with growth temperature. The lattice constant decreases when increasing 
growth temperature from 150 to 650 C and expands slightly at 800 C. At growth 
temperatures above 500 C, the ZrN lattice constant comes close to matching its bulk 
value of 4.574 Å [22]. 
 
Figure 4.11 (a) -2 scans, (b) rocking curves at (111) reflection, and (c) (111) reflection peak 
intensity by PXRD; (d) (111) reflection rocking curve FWHM and calculated lattice constant 
from (111) peak position by HRXRD. 
4.4.2 Growth-Temperature Effect on Optical Properties 
Though low values of the RC FWHMs can be obtained mostly independent of growth 
temperature, other important properties of the layers have noticeable differences. The 
most-immediately observed difference is that the color of ZrN thin films turns from 
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highly reflective warm-yellow to semitransparent dark as the growth temperature is 
reduced. Based on this observation, it is surmised that the optical and electrical 
properties of the layers are being strongly influenced. Therefore, electrical and optical 
characterization on those samples were conducted. The results of the SE measurements 
are presented in Figure 4.12, and include the (a) real part and imaginary part of 
dielectric constants, (b) refractive index n, (c) extinction coefficient k, and (d) 
calculated reflectivity of the ZrN thin films. The optical constants are extracted from the 
SE analysis using a Drude + Lorentz/ Gussian oscillator model, and reflection is 
calculated from the extracted values of ‘n’ and ‘k’. The Drude equation is written as the 
following: 
ε ൌ ߝஶ ቆ1 െ ఠು
∗మ
ఠమି೔ഘഓ
ቇ, ߱௣∗ ൌ ට ே೐௘
మ
ఌబఌಮ௠∗ 
Where ߝஶ is the static dielectric constant of the film, ߱௉∗  is the screened plasma 
frequency in the layer, and  is the relaxation time of the free carriers.  
As growth temperature drops, several effects are observed: (a) 1 changes from 
negative to positive in the visible to near infrared range, indicating that the film is 
transitioning from a metallic to a dielectric behavior, (b) the refractive index ‘n’ 
increases, and an additional peak emerges in 500 to 600 nm region; this peak exhibits a 
red shift as the temperature continues to decrease; and (c) the extinction coefficient ‘k’ 
strongly decreases, in the near infrared region. The reflectivity calculated for the layers 
from n and k shows a drop from a high of 0.9 to a value of 0.34 at a wavelength of 1000 
nm. As previously reported [2], when the growth temperature drops, more N is 
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incorporated into ZrN thin film, which can cause Zr vacancies and in turn lead to lattice 
expansion and optical property changes.  
 
Figure 4.12 Temperature dependence of (a) extracted real part and imaginary part of the 
dielectric constant, (b) refractive index n, (c) extinction coefficient k, and (d) calculated 
reflectivity of ZrN thin films 
By using a Drude-based SE model for extracting the optical parameters, estimates of 
electrical properties of the films can be obtained and are summarized in Figure 4.13. 
The optical parameters extracted from the Drude model of the ZrN thin films at growth 
temperature above 500 C are shown in Table 4.3. At temperatures below 500 C, the 
value of the real part 1 stays above zero across the entire UV to IR region, meaning that 
the film is dielectric in nature and has few free carriers. The screened plasma energy 
decreases as growth temperature decreases, along with the free electron relaxation time. 
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The decreased relaxation time of free electrons is typically an indication of more defects 
in the film, which could be point defects with more Zr vacancies in the film, as point 
defects may affect lattice constant without showing broadening in the X-ray rocking 
curves.  
Table 4.3 Optical parameters of the ZrN thin films 
Growth 
temperature 
(C) 
ߝஶ ħ߱௉∗  (eV) 
(screened)
 ( ×10-15 
s) 
(relaxation 
time) 
Ne 
(×1022) 
800 5.63±0.05 3.09 4.21±0.07 4.64 
650 1.75±0.11 2.52 1.66±0.05 2.11 
500 5.11±0.02 1.81 0.56±0.02 2.30 
 
4.4.3 Growth-Temperature Effect on Film Resistivity 
We measured the ZrN thin-film resistivities using a four point probe station. A four 
point probe is essentially 4 electrical probes set up in a straight line with a constant 
distance of 1 mm between each one. A constant current is applied between the outer 
probes, and the voltage is measured across the inner ones. Resistivity is calculated using 
the relationship: ρ ൌ గ୪୬ሺଶሻ ݐሺ
௏
ூ ሻ with t being the thickness of the film. Figure 4.13 shows 
the ZrN thin-film resistivity dependence on growth temperature. The resistivity was 
both measured from four point probe and extracted from the optical Drude model as 
mentioned in section 4.4.2. Figure 4.13 shows that film resistivity increases as growth 
temperature decreases. The results from four point probe measurements and the Drude 
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model are in good agreement. At 800 C, ZrN achieves lowest resistivity, 14.2 µcm 
by four point probe and 18 µcm from Drude model, which are very close to the bulk 
value of 13.6 µcm.  
 
Figure 4.13 Film resistivity dependence on growth temperature 
In this section, we reviewed the growth-temperature effects on film crystallinity, 
optical properties, and electrical resistivity. Growth temperature affects the lattice 
constant without broadening X-ray rocking curves.  The reflectivity calculated for the 
layers from n and k shows a drop from a high of 0.9 to a value of 0.34 at a wavelength 
of 1000 nm. Film resistivity increases as growth temperature decreases. At 800 C, ZrN 
has a close to bulk resistivity value 14.2 µcm. Thus, we conclude that high growth 
temperature yields high crystallinity, high reflectivity, and low resistive ZrN films. 
121 
 
4.5 Film-Thickness Effect 
In this section, we will discuss the film-thickness effects on film crystallinity and film 
optical properties. This is important in the implementation of these buffer layers as both 
lattice-matched and photon recycling layers in III-N materials applications. For this 
study, one set of two ZrN thin films was deposited at 65 W, Ar 21 sccm, N2 1.25 sccm, 
6 mTorr, and 800 C for 2 and 4 hr. Another set of ZrN samples was deposited at 40 W, 
Ar 21 sccm, N2 0.8 sccm, 6 mTorr, and 800 C for 15, 30, 60, 90, 120, and 180 min, 
respectively. Thin-film crystallinity was studied on both sets. Optical studies were 
conducted on the second set of samples.  
4.5.1 Film-Thickness Effect on ZrN Thin-Film Crystallinity 
Figure 4.14 summarizes the XRD scans of the two sets of ZrN thin films with different 
film thickness. In Figure 4.14 (a), the black curve represents the ZrN layer which was 
deposited for 2 hr, while the red curve represents the layer deposited for 4 hr under the 
same conditions. As can be seen, a ZrN (200) peak at 39.3, and a (220) peak at 56.9 
appears in the XRD scans when the deposition time was doubled from 2 to 4 hours. The 
presence of the unwanted phases could have two possible reasons. First, that high 
thickness leads to (200) direction growth. The second reason could be due to changes in 
the growth environment. As mentioned previously, as the sputtering process continues, 
the erosion state of the target changes even though the target power and gas flow are 
kept constant. 
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The shorter timescale growth experiments highlighted in the second set of samples 
exhibit similar results, as shown in Figure 4.14 (b). The ZrN deposition conditions were 
40 W, Ar 21 sccm, N2 0.8 sccm, 6 mTorr, and 800 C for 15, 30, 60, 90, 120, and 180 
min respectively. As shown in Figure 4.14 (b), XRD scans of the samples deposited for 
120 and 180 min have higher (200) peak intensities compared to the others. The RC 
curve FWHMs at (111) reflections of the samples shown in Figure 4.14 (b) are all less 
than 0.3, except for the ones deposited for 120 and 180 min, which were 0.35 by 
PXRD.  As recalled from Section 4.3, sample SP262, deposited at 40 W, Ar 21 sccm, 
N2 0.8 sccm, 6 mTorr, and 800 C for 120 min, had a rocking curve FWHM of the (111) 
reflection of 0.22 and had only a (111) reflection peak. The prior sample, SP262, 
indicates that it is possible to get single (111)-oriented film under the conditions tried in 
this portion of the study. Therefore, the best explanation is that the appearance and 
increase of the (200) peak in the XRD scans is a result of the change of the target 
erosion state during deposition. It is thus necessary that growth conditions have to be 
monitored more accurately and slightly adjusted for long deposition times.  
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Figure 4.14 (a) XRD -2 scans of ZrN deposited for 2 hr (black) and 4 hr (red curve) at 65 W, 
Ar 21 sccm, N2 1.25 sccm, 6 mTorr, and 800 C. (b) XRD -2 scans of ZrN deposited for 15, 
30, 60, 120, 180 min at 40 W, Ar 21 sccm, N2 0.8 sccm, 6 mTorr, and 800 C 
4.5.2 Film-Thickness Effect on Optical Properties 
Ex-situ spectroscopic ellipsometry was conducted on the 2nd set of 6 samples. Figure 
4.15 shows the (a) real part 1 and imaginary part 2 of dielectric constants, (b) 
refractive index n, (c) extinction coefficient k, and (d) calculated reflection of ZrN thin 
films with different film thickness. The figure shows that the dielectric constants, n, k, 
and the reflectivity are all dependent on the film thickness. ZrN films with thicknesses 
of 36 and 56 nm have nearly matching values for 1, k, and reflectivity curves. The high 
value of 0.9 for the reflectivity in the near infrared region indicates that the ZrN thin 
films are tending towards opaque behavior beyond the thickness of 36 nm.  
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Figure 4.15 (a) Real part and imaginary part of dielectric constants, (b) refractive index n, (c) 
extinction coefficient k, and (d) calculated reflection of ZrN thin films at different film 
thickness 
4.6 Summary of ZrN Growth 
In this section, we summarize the issues that were encountered during the ZrN growth, 
revisit the N2 flow rate effect on film orientation, and draw conclusions from the 
experimental study. 
4.6.1 Issues 
During the ZrN deposition process, there are several main issues that have been 
encountered. These issues included target shorting caused by flakes, target degradation 
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due to the change of its erosion state, difficulties in sustaining a stable plasma, and 
challenging substrate temperature control. 
1. Flakes: When target materials are removed from the surface, they deposit on the 
substrate surface and as well as the vacuum parts around the target area. Flakes 
can accumulate at the target area and short the target to ground. When this 
happens, the target has to be cleaned to remove accumulated flakes. 
2. Target degradation: After several deposition runs, the target becomes eroded and 
the deposition rate drops compared to previous otherwise identical conditions. 
This change is small and gradual, but has a noticeable impact. In our system, the 
deposition rate is already relatively low. Additionally, since the QCM sits 
substantially away from the sample due to the large substrate manipulator, it 
does not share the same local environment as the depositing layer. Therefore, the 
small changes are not readily observable thus making it difficult to correct for, 
and also making it difficult to draw the proper conclusions. 
3. Substrate temperature: A significant effort was made to achieve and maintain a 
high substrate temperature in the sputtering system. During the growth, one 
interesting phenomena was observed, which was that the temperature as read 
from the pyrometer (which is used for temperature calibration) decreased after 
starting growth but would restore to the previous starting temperature within 15 
sec after stopping growth. As it is radiative heating and ZrN is metallic layer, it 
is possible that ZrN is absorbing heat and recrystallizing during growth.  
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4. Plasma stability: A plasma could be sustained at a chamber pressure starting 
from around 0.4 mTorr. However, after some deposition time, the distance 
between the target and anode (the anode also being the ground shield) changes. 
As a result, the plasma could not be sustained at the same low pressure. This is 
another indication of how the local environment can change in the target area. 
For this case, it was observed that a higher pressure is needed to sustain the 
plasma as the target is consumed.  
4.6.2 A Relook at N2 Effects  
During the optimization process, we noticed by XRD that the ZrN (200) reflection peak 
is very sensitive to the N2 content. Table 4.4 lists the ZrN deposition process at 40 W, 6 
mTorr and 800 C with only the N2 flow rate changing. As shown in the table, the N2 
flow rate window is very narrow to achieve purely (111) oriented thin films. With only 
a 0.05 sccm N2 flow rate change by comparing SP258 and SP261, the (200) peak can 
increase substantially from 10 counts to 189 counts. This confirms that the presence of 
the (200) phase of ZrN is extremely sensitive to the excess N2 content. 
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Table 4.4 ZrN growth conditions and RC FWHMs by PXRD 
Sample No. Zr power 
(W) 
Ar/N2 flow 
rate (sccm) 
I(111) 
by PXRD 
I(222) 
by PXRD 
(111) RC 
FWHM by 
PXRD 
SP258 40 21/1 88k 189 0.38 
SP259 40 21/0.9 108k <10 0.33 
SP260 40 21/0.85 123k ~10 0.31 
SP261 40 21/0.95 89k ~10 0.39 
SP262 40 21/0.8 111k <10 0.25 
SP263 40 21/0.75 143k 21 0.29 
 
4.6.3 Conclusions 
In this chapter, the deposition rate of ZrN is studied using a QCM. The deposition-rate 
study gives a good understanding of the sputtering system and reactive sputtering 
process. Experimental examples taken in the structural optimization process for ZrN 
show that target power, chamber pressure, and N2 flow rate are strongly interrelated. 
(111) oriented ZrN thin films grown at a different deposition rate show that the surface 
roughness increases with increasing deposition rate. The optical and resistivity property 
studies show a strong dependence on growth temperature. ZrN thin films are of low 
resistivity and highly reflective in the visible to near-infrared range even at a thickness 
below 40 nm. More importantly, the ZrN thin films obtained in this study are of high 
crystallinity with the lowest RC FWHM values reported in the literature.   
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In the next chapter, results from our ternary ZrTiN studies will be presented. We 
will cover the preparation of ZrTiN thin films and the characterization of their 
crystallinity. Optical and electrical properties of the ZrTiN layers will also be presented. 
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Chapter 5  
ZrTiN Thin-Film Deposition and 
Properties 
In chapter 4, we presented our results on ZrN thin films deposition conditions along 
with their structural and optical properties. We successfully deposited (111) oriented 
ZrN thin films at three deposition rates, namely 20, 36, and 55 nm/hr. (111) rocking 
curve FWHM values from HRXRD measurements are 14~22 arcsec; close to single 
crystal quality. Optical and electrical measurements reveal that ZrN samples are highly 
reflective and metallic with very low bulk resistivity: around 14 μΩ•cm.   
In this chapter, we will discuss the ZrTiN thin-film preparation procedures as well 
as their structural, compositional, and optical characterizations. (111)-oriented ZrTiN 
thin films were deposited using similar conditions to ZrN. Two procedures were used in 
getting (111)-oriented ZrTiN thin films. One was though adding Ti to ZrN, by 
increasing the Ti gun power, while keeping Zr power and reactive gas N2 flow rate 
unchanged. The other was by keeping Zr gun power constant while increasing both 
power to the Ti gun and N2 flow rate. Thin-film crystallinity was investigated using 
XRD, and their optical properties with ex-situ spectroscopic ellipsometry. The ZrTiN 
thin-film resistivities were measured by a four point probe method. 
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5.1 Experimental Procedure 
One quarter f 2” size c-plane Al2O3 substrates, back coated with 1200 Å thick Ti for 
thermal absorption, were cleaned in boiling trichloroethylene, acetone, and methanol for 
5 min, followed by DI water rinsing for two cycles, and then blow-dried using nitrogen. 
Prior to deposition, Zr (purity 99.7%) and Ti (purity 99.997%) targets were deoxidized 
using a 3-min sputtering sequence in pure Ar plasma, followed by a 10-min sequence in 
Ar and N2 mixtures for a nitridation and plasma stabilization step. Ar gas flow rate was 
fixed at 21 sccm. N2 flow rate was varied from 0.5 to 1.25 scccm. Ti and Zr powers 
were varied from 20 to 70 W. The samples were deposited at 800 C and 6 mTorr. No 
substrate RF bias was applied during the deposition process. 
5.2 ZrTiN Thin-Film Crystallinity 
ZrTiN thin-film crystallinity was characterized both by PXRD and HRXRD. -2 scans 
were conducted by PXRD; RC and phi scans were conducted by HRXRD for film 
crystallinity. 
5.2.1 ZrTiN Thin-Film Growth at a High Deposition Rate 
Two procedures were used in getting (111) oriented ZrTiN thin films. One was adding 
Ti into ZrN while keeping Zr power and reactive gas N2 content unchanged. The other 
was keeping Zr power constant, adding Ti power and increasing the N2 flow rate. Here, 
ZrTiN thin films were deposited using procedure 1. Using the high deposition rate ZrN 
conditions (Zr 65 W, N2 flow rate at 1.25 sccm (5.5%), chamber pressure 6 mTorr, 800 
C), ZrTiN ternaries were deposited using a Zr power adjusted to keep the same 
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deposition rate as previously used for ZrN growth at a target power of 65 W while Ti 
target power was changed to 30, 50, and 70 W to achieve the desired alloy 
compositions. ZrN deposition rate was monitored by the QCM with the Ti shutter 
closed prior to thin film deposition. Binary TiN was deposited at a Ti power of 70 W, a 
N2 flow rate of 1.25 sccm (5.5%), a chamber pressure 6 mTorr, and a substrate 
temperature of 800 C.  
Figure 5.1 (a) is the -2 scans of the ZrTiN (111) reflections for different ZrN 
fractions in the ternary ZrxTi1-xN (x=0, 0.64, 0.80, 0.93, 1) by PXRD. Their composition 
was determined by HRXRD applying Vegard’s law [1]. HRXRD characterization of our 
binary compounds gives a ZrN lattice constant of 4.571 Å, nearly matching the 
reference values of bulk ZrN lattice constant of 4.574 Å [2], and TiN of 4.237 Å, also 
very close to the bulk value of 4.238 Å [3]. As such, the Zr concentration is calculated 
using our experimental ZrN and TiN lattice constants, which differ by less than 1% 
from that using the accepted bulk values for the two binaries. Though deviation from 
Vegard’s law has been reported [4, 5] for ZrTiN, our XPS results on samples seem to 
point out that for our growth conditions such a correction is not necessary. As an 
example, XPS results on SP195, ZrTiN sample gives a Zr/(Zr+Ti) ratio of 0.75, the 
same as determined from HRXRD. Considering the suggested positive deviation, 
b=0.011 nm in a(ZrxTi1-xN)=a(ZrN)x+a(TiN)(1-x)+bx(1-x), from reference [4] would 
yield a Zr/(Zr+Ti) ratio of 0.68. The authors in reference [4], mention that strain in their 
thin films might be the source of the deviation from Vegard’s law, and that sample 
annealing at 850 C for 3 hr relaxed the lattice parameters to those predicted by 
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Vegard’s law. Our films being deposited at 800 C should match the annealed samples, 
explaining the good agreement between XRD and XPS data without the need for a 
correction to Vegard’s law.  
 
Figure 5.1 (a) ZrTiN thin film -2 scans by PXRD and (b) normalized rocking curves at (111) 
reflection by HRXRD 
Figure 5.1 (b) presents the HRXRD rocking curves for ZrxTi1-xN (111) reflections 
using a step size of 0.002. The extremely low rocking curve (RC) FHWMs vary 
between 0.004 and 0.006, equivalent to 14- 22 arcsec, which is very close to the 
instrument’s resolution of 0.0035 (as shown in Figure 5.1 (b)). RC FWHM values, for 
the (222) reflections, range from 0.24 to 0.3 (except for TiN where it is 0.06). This is 
further proof of the high crystallinity of our samples. Broad diffuse scattering shown in 
Figure 5.1 (b) compared to the sapphire substrate peak indicates the presence of 
localized defects. These defects do not seem to degrade the average film crystallinity.  
We further analyzed our samples using the X-ray coherence length relationship as 
described in reference [6] where: lateral coherence length: ߝ∥ ൌ ଶగ|୼௚఼| ൌ
ఒ
ଶ୻ഘ௦௜௡ఏ and 
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perpendicular coherence length ߝ∥ ൌ ଶగ|୼௚∥| ൌ
ఒ
୻మഇ௖௢௦ఏ , with Δ݃ୄ and Δ݃∥ standing for the 
perpendicular and parallel width of diffraction vector from diffraction intensity 
distributions, Γఠ and Γଶఏ for the FWHM value in -scan and -2 scans,  for Bragg 
angle, and  for X-source wavelength. The results are listed in Table 5.1. Our samples 
display a lateral coherence length of up to 3 µm using RC FWHM values at the (111) 
reflections. Regarding the perpendicular coherence length, which is calculated from 
FWHM in -2 scans, our results show values above 100 nm except for TiN thin films, 
which are thinner than that value (TiN films have a thickness of 70 ± 2 nm as calculated 
from X-ray reflectivity). The calculated perpendicular coherence length of TiN thin 
films is 76 nm and is slightly larger than the actual film thickness. The equation for the 
perpendicular coherence length ߝ∥ ൌ ଶగ|୼௚∥| ൌ
ఒ
୻మഇ௖௢௦ఏ is similar to the Scherrer formula 
for grain size calculation( ܦ ൌ ௄ఒఉ௖௢௦ఏ,  where K is the Scherrer constant, which is also 
called the shape factor,  is the X-ray source wavelength, ߚ is the integrated breadth, 
and  is the Bragg angle) with K=1. This may be the reason the calculated 
perpendicular coherence length is larger than the real thickness. 
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Table 5.1 ZrTiN characterization by HRXRD 
Sample 
(ZrxTi1-
xN) 
(111) 
2Theta  
Lattice 
constant 
(Å) 
RC 
FWHM
 
Lateral 
coherence 
length 
(nm) 
(111) 
-2 
FWHM
Perpendicular 
coherence 
length (nm) 
x=0 36.71 4.237 0.005 2806 0.123 76 
x=0.64 34.87 4.455 0.004 3605 0.086 107 
x=0.8 34.46 4.506 0.006 2485 0.092 100 
x=0.93 34.13 4.549 0.004 3605 0.078 118 
x=1 33.94 4.573 0.004 3605 0.083 111 
 
5.2.2 ZrTiN Thin-Film Growth at Low Deposition Rates 
Here, both Ti power and N2 flow rate were changed to vary the ZrTiN thin-film 
composition. In section 4.3, we discussed the deposition-rate study of (111)-oriented 
ZrN thin films. ZrN was deposited at 30 W, 800 C, 6 mTorr, Ar 21 sccm, and N2 0.5 
sccm. Table 5.2 list the deposition conditions for ZrTiN thin films and the rocking curve 
FWHM at the (111) reflections from PXRD. The x compositions are calculated from the 
(111) reflection from HRXRD.  
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Table 5.2 ZrTiN deposition conditions and RC FWHMs by PXRD 
Sample 
(ZrxTi1-xN) 
Zr Power 
(W) 
Ti power 
(W) 
Ar/ N2 
(sccm) 
RC FWHM  
(by PXRD) 
x=0 0 70 21/1.25 0.23 
x=0.33 30 60 21/0.8 0.22 
x=0.54 30 35 21/0.6 0.27 
x=0.79 30 23 21/0.5 0.27 
x=1 30 0 21/0.5 0.24 
 
ZrTiN thin-film crystallinity was also characterized by HRXRD. In Table 5.3, the 
(111) peak position, the calculated lattice constant, RC FWHMs, 2 FWHMs at (111) 
reflection, calculated lateral coherence length, and calculated perpendicular length are 
listed. Similar to previous results, all the ZrTiN thin films display very low (111) RC 
FWHMs, leading to lateral coherence lengths up to 3 μm. The perpendicular coherence 
length for ZrN and TiN are larger than the real thickness of the film, but still follow the 
thin film thickness. 
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Table 5.3 ZrTiN characterization by HRXRD 
Sample 
(ZrxTi1-
xN) 
(111) 
2Theta 
Lattice 
constant 
(Å) 
RC 
FWHM 
 
Lateral 
coherence 
length (nm) 
(111) 
-2 
FWHM 
Perpendicular 
coherence 
length (nm) 
x=0 36.71 4.237 0.005 2806 0.123 76 
x=0.33 35.68 4.355 0.004 3605 0.202 46 
x=0.54 35.08 4.489 0.005 2932 0.118 78 
x=0.79 -- -- -- -- -- -- 
x=1 33.87 4.580 0.006 2527 0.177 52 
 
5.3 ZrTiN XPS Study 
As discussed in the previous section, deviation from Vegard’s law has been reported [4, 
5] for ZrTiN. The authors in reference [4] mention that strain in their thin films might 
be the source of the deviation from Vegard’s law, and that sample annealing at 850 C 
for 3 hrs relaxed the lattice parameters to those predicted by Vegard’s law. Our films 
deposited at 800 C should match the annealed samples without a need for correction to 
Vegard’s law; for example, our XPS results on SP195, ZrTiN sample gives a Zr/(Zr+Ti) 
ratio of 0.75, the same as determined from HRXRD. Considering the suggested positive 
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deviation, b=0.011 nm in a(ZrxTi1-xN)=a(ZrN)x+a(TiN)(1-x)+bx(1-x), from reference 
[4] would yield a Zr/(Zr+Ti) ratio of 0.68.  
Here, more efforts were made to address this issue. We conducted more XPS 
experiments on our samples for three purposes: validation of Vegards’ law, 
stoichiometry, and chemical bonding information from our thin films. 
5.3.1 XPS on ZrN 
The XPS studies on ZrN were conducted to extract stoichiometry information. We have 
deposited high structural quality ZrN thin films with unknown Zr/N ratio. For the same 
family material, HfN, it was found that stoichiometric films also exhibited the highest 
crystalline quality [7]. Several techniques were employed to determine the ZrN 
stoichiometry, such as RBS [8, 9], XPS, AES [10]. For our research, both RBS and XPS 
were employed. However, due to the extremely low N yield in RBS, the N peak was 
very weak and could not be used for stoichiometry quantification. Thus, we only 
present our XPS results below. 
For XPS, we employed a PHI XPS instrument with an Al monochromatic X-ray 
source. The X-ray beam was incident onto the film surface at an incident angle of 45. 
The detector was also fixed at 45. An Ar sputter gun was available to remove the 
oxidized top layers and depth profiling.  
Figure 5.2 shows the as is surface and one after sputtering away the top layers. As 
expected, the sample surface was severely oxidized. Before sputtering, the survey 
shows a surface with mainly O1s, C1s, and Zr3d signals. The N1s peak is very weak. 
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After sputtering a few layers, the C1s peak disappeared, the O1s peak decreased, and 
the N1s peak and Zr3d increased. While the oxygen signal dropped with sputtering, it 
was still measurable throughout. This was also expected due to the high affinity of Zr to 
O, low deposition rate, and non-negligible oxygen and H2O background in our 
sputtering system and relatively high growth temperature. Table 5.4 lists the atomic 
concentration before and after sputtering of the top layers. 
 
Figure 5.2 XPS survey of ZrN sample before and after Ar sputtering surface 
  
142 
 
 
Table 5.4 Atomic concentration from XPS of ZrN 
 C1s (%) N1s (%) O1s (%) Zr3d (%) 
Surface 50.39 3.99 30.90 14.72 
6 min 
sputtering 
1.36 42.20 5.81 50.62 
8 min 
sputtering 
0.00 39.88 7.35 52.7 
 
Figure 5.3 shows the high resolution scans for N1s, O1s, and Zr3d after 8 min of Ar 
sputtering. The curve fitting is conducted using a Gaussian profile and the peak position 
uncertainty of 0.2 eV. The spectra features are summarized as follows: 
(1) N1s has two binding states, 396.6 eV and 398.3 eV. From the literature, 396.6 
eV is close to that assigned to Zr3N4 and 398.3 eV that to ZrON [11].   
(2) O1s only has one broad peak at 529.9 eV 
(3) Zr3d are two doublets, 178.4 eV and 180.9 eV, and 180.5 and 183.0 eV. The 
first doublet is associated to pure metal [12].The latter is associated to a nitride-
like compound [11]. 
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Figure 5.3 High resolution of N1s, O1s, and Zr3d spectra with curve fittings 
Since our XRD results from the same thin films showed only single phase ZrN thin 
films, it is possible that the secondary phases in XPS might be an artifact of the depth 
profiling process. Ion beam sputtering is a violent process which can easily lead to bond 
breaking and altering of the original chemical states. This is especially relevant in 
materials that can yield a gaseous byproduct (N here) and have a high affinity to 
oxygen. We believe that a more careful and extensive XPS study is required to clarify 
this issue. 
5.3.2 XPS on ZrTiN  
 XPS survey scans were conducted on a set of ZrTiN samples before sputtering and 
after 5 min of sputtering. Their atomic concentrations are listed in Table 5.5. The results 
are similar to those from ZrN. The ZrTiN surface was severely oxidized with high 
concentration of C and O. After 5 min of sputtering, C and O atomic concentration was 
reduced and the N increased. In general, the XPS compositional results are close but 
slightly higher than those from HRXRD. The difference could be attributed to two 
reasons: (1) a slight deviation from the Vegards’ law; (2) the XPS result deviates from 
the true composition due to the sputter rate difference between Zr and Ti.  
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Table 5.5 Atomic concentration after 5 min sputtering for ZrTiN 
X from 
HRXRD 
ZrxTi1-xN 
C1s 
(%) 
N1s 
(%) 
O1s 
(%) 
Zr3d 
(%) 
Ti2p 
(%) 
X from 
XPS 
ZrxTi1-xN 
x=0 3.24 42.37 5.28 49.11 0 0 
x=0.64 1.9 39.37 8.25 36.95 13.52 0.74 
x=0.8 3.93 35.90 10.37 42.59 7.21 0.85 
x=0.93 1.20 35.60 7.88 53.55 1.77 0.97 
x=1 1.36 42.20 5.81 50.62 0 1 
5.4 ZrTiN Surface Morphology 
Figure 5.4 are AFM images for (a) SP230 ZrN, (b) SP235 Zr0.8Ti0.2N, and (c) SP237 
TiN. The surface roughness is 1.9 nm, 2.9 nm, and 1.2 nm, respectively. The relatively 
higher surface roughness of Zr0.8Ti0.2N is possibly due to the high deposition rate for 
that sample.  
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Figure 5.4 AFM surface images of (a) SP230 ZrN, (b) SP235 Zr0.8Ti0.2N, and (c) SP237 
TiN. The surface roughness is 1.9 nm, 2.9 nm, and 1.2 nm, respectively. 
Figure 5.5 are the images for (a) SP242 ZrN, (b) SP244 Zr0.79Ti0.21N, (c) SP245 
Zr0.54Ti0.46N, and (d) SP246 Zr0.33Ti0.67N. The surface roughness is 0.3 nm, 0.3 nm, 0.4 
nm, and 1.5 nm, respectively. SP246 Zr0.33Ti0.67N has a relatively rougher surface than 
the rest of the samples but is still much smaller than that of SP235 Zr0.8Ti0.2N deposited 
at high rate. This confirms that low deposition rate leads to a smoother surface for both 
the binary ZrN and ternary ZrTiN thin films. 
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Figure 5.5 AFM images of (a) SP242 ZrN, (b) SP244 Zr0.79Ti0.21N, (c) SP245 Zr0.54Ti0.46N, and 
(d) SP246 Zr0.33Ti0.67N. The surface roughness is 0.3 nm, 0.3 nm, 0.4 nm, and 1.5 nm, 
respectively. 
5.5 ZrTiN Optical and Electrical Properties Study 
ZrTiN thin-film optical properties were measured using multiple-angle-incidence 
spectroscopic ellipsometry. The optical constants are extracted from the SE analysis 
using a Drude + Lorentz/ Gaussian oscillator model, and reflection is calculated from 
the extracted values of ‘n’ and ‘k’. The Drude equation is written as the following: 
ε ൌ ߝஶ ቆ1 െ ఠು
∗మ
ఠమି೔ഘഓ
ቇ, ߱௣∗ ൌ ට ே೐௘
మ
ఌబఌಮ௠∗ 
where ߝஶ is the static dielectric constant of the film, ߱௉∗  is the screened plasma 
frequency in the layer, and  is the relaxation time of the free carriers.  
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5.5.1 High Deposition Rate ZrTiN Optical Properties 
The results of the SE measurements for the ZrTiN thin films deposited at a high 
deposition rate are presented in Figure 5.6, including in (a) the real part ε1 and in (b) the 
imaginary part ε2 of the dielectric constants, in (c) the refractive index n, and in (d) the 
extinction coefficient k. The ternary ZrTiN thin films have a similar optical behavior to 
the binary ZrN and TiN but with different values. The negative ε1 value in the visible to 
near IR region indicates the metallic nature of all films. However, the refractive index n 
of the ternaries has a value larger than 1, which is in conflict with metal properties. No 
obvious trend with film composition is observed. 
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Figure 5.6 (a) extracted real part ε1, (b) imaginary part ε2 of the dielectric constants, (c) 
refractive index n, and (d) extinction coefficient k of ZrTiN thin films deposited at high 
deposition rate 
Figure 5.7 (a) shows the calculated reflectivity of ZrTiN thin films and Figure 5.7 
(b) shows the fitted resistivity  and carrier relaxation time  from the Drude model. 
ZrN and TiN have reflectivities above 90% in the near IR range; however, the ternary 
ZrTiN displays a reflectivity less than 80% in the near IR range. Fitting for  and  is 
very different for the binaries and ternaries.  Ternary ZrTiN shows higher resistivity and 
reduced relaxation time compared to ZrN and TiN.  
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Figure 5.7 (a) Calculated reflectivity and (b) extracted resistivity  and carrier relaxation time  
of ZrTiN thin films deposited at high deposition rate 
5.5.2 Low Deposition Rate ZrTiN Optical Properties 
The results of the SE measurements for the ZrTiN thin films deposited at low 
deposition rate are presented in Figure 5.8, including in (a) the real part ε1, in (b) the 
imaginary part ε2 of dielectric constants, in (c) the refractive index n, and in (d) the 
extinction coefficient k. The results are similar to those from ZrTiN films deposited at 
high deposition rate. The ternary ZrTiN thin films have a similar optical behavior as the 
binary ZrN and TiN but with different values. The negative ε1 value in the visible to 
near IR region indicates the metallic nature of all films, but the refractive index n of 
ternary ZrTiN has value larger than 1, which is in conflict with metalic properties. No 
obvious trend with film composition is observed. 
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Figure 5.8 (a) extracted real part ε1, (b) imaginary part ε2 of the dielectric constants, (c) 
refractive index n, and (d) extinction coefficient k of ZrTiN thin films deposited at low 
deposition rate 
Figure 5.9 (a) shows the calculated reflectivity for ZrTiN thin films and Figure 5.9 
(b) shows the fitted resistivity  and carrier relaxation time  from the Drude model. 
ZrN and TiN have reflectivity above 90% in the near IR range and the ternaries ZrTiN 
have reflectivity around 80% in the near IR range. But here, the difference of fitting 
parameters  and  between ternary ZrTiN and binaries is smaller. Still, binary ZrN and 
TiN exhibit the lowest resistivity and longest relaxation time. The resistivity of ZrTiN 
from Drude model is below 90 μΩ●cm, and the carrier relaxation time is around 2  10-
15 s. 
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Figure 5.9 (a) Calculated reflectivity and (b) extracted resistivity  and carrier relaxation time  
of ZrTiN thin films deposited at low deposition rate 
5.5.3 ZrTiN Electrical Properties Study 
We measured the ZrTiN thin-film resistivity using a four point probe station. A four 
point probe is essentially 4 electrical probes set up in a straight line with a constant 
distance of 1 mm between each one. A constant current is applied between the outer 
probes and the voltage is measured across the inner ones. Resistivity is calculated using 
the relationship: ρ ൌ గ୪୬ሺଶሻ ݐሺ
௏
ூ ሻ with t being the thickness of the film.  
Figure 5.10 shows the ZrTiN thin-film resistivity measured from the four point 
probe method, as well as that extracted from the optical Drude model. Figure 5.10 (a) 
shows the resistivity of ZrTiN thin film deposited at high deposition rate. The measured 
results from the four point probe differs significantly from the extracted value from the 
Drude model. The former has a very low resistivity showing that the films are very 
metallic, and the latter shows that the ternary ZrTiN has a very large resistivity at room 
temperature. However, for the ZrTiN films deposited at low deposition rate, the results 
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from the four point probe measurements and the Drude model are in good agreement. 
The discrepancy between the electrical and optical methods for the high deposition rate 
thin films is probably due to their higher surface roughness (2.9 nm vs. 0.4 nm for high 
and low deposition rate films) which very significantly affect the accuracy of the 
ellipsometry based models. 
 
Figure 5.10 Film resistivity for ZrTiN deposited at (a) high deposition rate and (b) low 
deposition rate 
From the optical and electrical properties, we conclude that ZrTiN deposited at a 
low deposition rate has better optical and electrical properties. All the ZrTiN thin films 
have low RC FWHMs ~ 14-22 arcsec by HRXRD. High deposition rate samples have 
RC FWHMs in a range of 0.3~0.4, and the low deposition rate samples have RC 
FWHMs in a range of 0.2 ~ 0.3. The surface roughness is higher in the former 
samples as well. As ellipsometry measures the reflected light from the sample surface, 
higher surface roughness will increase surface scattering thus leading to loss in light 
intensity and causing large errors when extracting the optical properties.  
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5.6 Conclusion 
In this chapter, two sets of (111)-oriented ZrTiN thin films were discussed. The ZrTiN 
thin films obtained are all of high crystallinity with extremely low RC FWHM values. 
XPS studies show that the surfaces are highly oxidized upon exposure to atmosphere. 
Small amount of oxygen is present in all the ZrTiN thin films. The Zr/(Zr+Ti) ratio as 
calculated from XPS is close to that obtained from HRXRD by applying Vegard’s law. 
The optical and resistivity studies show that ternary ZrTiN have similar properties. 
ZrTiN deposited at low deposition rate have better optical and electrical properties than 
the samples deposited at high deposition rate. Surface roughness might be the cause for 
the large difference in the resistivity measured from the four point probe method and 
that extracted from the Drude model. 
In the next chapter, we will present the growth of III-Nitrides on developed 
transitional nitrides. The MBE growth of III-nitride will be discussed. Surface 
morphology, film crystallinity, and photoluminescence results of the grown III-Nitrides 
will also be covered. 
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Chapter 6  
InGaN Growth on ZrTiN Buffer Layers 
In Chapter 4 and Chapter 5, we presented the deposition of ZrN binary and ternary 
ZrTiN thin films on c-plane sapphire substrates. We demonstrated that through a good 
understanding of the sputtering system and careful optimization of the deposition 
parameters, buffer layers of good crystallinity and optical and electrical properties can 
be obtained. Thin films with low RC FWHM values of 14 ~22 arcsec were achieved. 
AFM topographical measurements show that the buffer layers are of atomic scale 
roughness and RHEED imaging indicates good surface structural crystallinity with 
some atomic scale surface roughness. 
In this chapter, we will cover the InGaN growth on those buffer layers. The growth 
is divided into two parts. Part one is GaN growth on the buffer layers, including TiN 
and ZrxTi1-xN (0<x<1). The second part presents InGaN growth on ZrN. The structural 
and optical properties of the epitaxial III-nitride layers grown on ZrTiN are also 
presented. 
6.1 GaN Growth on TiN  
Zr0.51Ti0.49N and ZrN should allow for perfect lattice matching to both GaN and 
In0.14Ga0.86N, respectively. TiN presents a -6% (smaller than GaN) lattice mismatch to 
GaN. However, our results have shown that sputter deposited TiN layers present a 
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smoother surface and a streakier RHEED pattern. This is probably the main reason why 
GaN growth on TiN is the most studied [1, 2] among the three materials addressed in 
this research. Self-separation of free standing GaN layers grown on a TiN porous 
network was also reported with the assistance of voids formed at the TiN and GaN 
interfaces [1, 2]. A TiN network formed on a GaN template was also shown to work as 
a mask for subsequent deposition of better quality GaN layers through introduction of 
dislocation bending sites [1]. This leads to improved film quality by reducing the twist 
[1, 3] and results in carrier decay times comparable to those of freestanding HVPE GaN 
templates [3].  
6.1.1 Experimental Procedure 
TiN thin films were deposited on c-plane Al2O3 substrate as described in Chapters 5. 
Before loading into the MBE chamber, the sample was cleaned in boiling 
trichloroethylene, (TCE), acetone, methanol for 5 min, rinsed in DI water for two 
cycles, and then blown dried in nitrogen. The sample was then transferred to the 
molecular beam epitaxy (MBE) system for GaN growth. The sample was cleaned using 
a Ga polishing procedure similar to that which is used for growth on GaN templates. 
Briefly, this is achieved by exposing the sample surface to a Ga flux at a low 
temperature of 650 C and then annealed at a higher temperature of 950 C for 20 min. 
At high temperatures, RHEED images are typically much sharper than as loaded (see 
Figure 6.1). Table 6.1 lists the growth conditions for GaN experiments on TiN buffer 
layers. The temperature used here is the thermocouple temperature without calibration. 
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Figure 6.1 (a) TiN before Ga polishing and (b) after Ga polishing at high temperature 
Table 6.1 GaN growth conditions on TiN buffer layers 
Sample 
No. 
Ga 
Flux 
(E-7) 
In 
Flux 
(E-7) 
N2 
Plasma 
(W/sccm)
Nitridation 
(min/C) 
Growth 
Starting 
Temp 
(C) 
Main 
Growth 
Temp 
(C) 
Back 
Holding 
Wafer 
A1542 7.2 0 400/0.75 15/760 760 920 Moly 
A1551 3.55 6.0 400/0.75 15/760 760 700 Si 
A1568 6.2 0 400/0.82 None 700 700 Si 
6.1.2 GaN Growth  
GaN growth was targeted to be performed under slightly Ga rich conditions for all 
sample growths on TiN. As previously reported [4, 5], a GaN surface with a complete 
Ga bilayer coverage has a lower N diffusion energy barrier, of 0.5 eV, than a bare GaN 
(0001) surface which presents a barrier of 1.4 eV. A Ga-bilayer coverage condition also 
gives the best GaN crystallinity film.  
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For A1542, the final GaN film thickness is 660 nm, and the growth rate as 
monitored by ellipsometry was 10 nm/min.  RHEED images indicated a mostly 2D 
surface during the growth. Due to the accumulation of Ga on the surface, the GaN thin 
film was annealed at 950 C for 30 min after growth. Figure 6.2 shows the RHEED 
images from sample A1542, and includes the images from the TiN buffer layer before 
growth, and the GaN epilayer during and after growth. The TiN before nitridation 
shows a slightly mixed 2D+3D pattern. A 15 min nitridation did not lead to any change 
in the TiN RHEED pattern. After starting GaN growth, the RHEED image turned to a 
pure streaky pattern. It is worth pointing out that the GaN growth rate is extremely 
small on the metallic TiN layer at these high temperatures. Surface metal accumulation 
easily occurs under Ga rich conditions compared to the traditional “bilayer” Ga 
coverage such as that observed on HVPE GaN templates during MBE growth. A 30 min 
annealing step was conducted at 770 C to remove the accumulated Ga metal layer. 
After cooling down to a temperature below 300 C, a 3×3 RHEED reconstruction 
pattern appeared. Based on previous surface polarity studies through surface 
reconstruction analysis, this pattern indicates that the GaN surface is N-polar. 
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Figure 6.2 A1542 of GaN growth RHEED images: (a) TiN at 760 C before nitridation, (b) GaN 
growth after 30 min, at 920C, (c) GaN post-growth while annealing at 950 C , and (d) GaN 
cooling to 270 C 
For A1551, the experiment was aimed at InGaN growth on TiN. The growth 
temperature was lowered from 760 C (with a silicon back coating) at the initial stage to 
700 C due to the low growth rate observed at 760 C. The growth time is 60 min.  The 
RHEED pattern was spotty throughout the whole growth. Figure 6.3 presents the 
RHEED images from sample A1551 on TiN. The TiN surface started out with mainly 
streaky 2D RHEED patterns, as shown in Figure 6.3(a), which changed to a 2D+ 3D 
(Figure 6.3 (b)) during growth, and ultimately to a 3D pattern at the end of the growth. 
The spotty RHEED images suggest a non 2D growth mode; however, the slightly dark 
screen also indicates some surface metal accumulation growth condition. XRD analysis 
shows that the resulting thin film is GaN despite the presence of In flux during growth. 
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Figure 6.3 RHEED images from A1551, (a) TiN buffer layer before GaN growth, (b) 30 min of 
GaN growth, and (c) 60 min at the end of growth 
A1568 was conducted at 700 C with only a Ga flux, and RHEED had a 2D pattern 
throughout the growth. Figure 6.4 presents the RHEED images from sample A1568 on 
TiN. The TiN started out with mainly streaky RHEED lines as shown in Figure 6.4(a). 
At the initial growth stage, spots were observed on the streaky lines. Figure 6.4(b) 
shows the GaN surface at 60 s of growth. However, RHEED images turned to complete 
2D streaky lines within the first 5 min of growth. We believe this is due to the slow 
buildup of the Ga bilayer at the initial stage of GaN growth. RHEED images remained 
streaky till the end of growth. Figure 6.4 (c) shows the image when the substrate started 
cooling down.  One thing worth noting is that the GaN growth rate keeps increasing 
throughout the growth as monitored by in-situ SE. This could be accounted for by the 
emissivity change of the sample surface due to the deposition of GaN. The overall 
effect of this process would be to lower the temperature of the substrate and hence the 
growth surface, resulting in a higher GaN growth rate. 
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Figure 6.4 RHEED images from A1551, (a) TiN buffer layer before GaN growth, (b) 60 s of 
GaN growth, and (c) GaN before cooling down 
For all three samples presented above, GaN growth was initiated using a low 
temperature nucleation stage under a high Ga flux to obtain a 2D films as observed by 
RHEED .We controlled the Ga flux and N plasma exposure time through sequencing 
the opening and closing of shutters on top of the respective sources. Thus, instead of 
modulating the Ga flux by temperature control (slow and impractical), we instead 
modulated the Ga exposure time. The GaN growth was monitored, in real time, during 
the shutter sequencing using RHEED and Ellipsometry. 
6.1.3 GaN Crystallinity Study 
A1542 grown with excess Ga on TiN with 2D RHEED has a (0002) peak, at 34.56, RC 
FWHM of 1357 arcsec, while A1551 has a lower RC FWHM of 572 arcsec. The lateral 
coherence lengths for A1542 and A1551 are 40 nm and 93 nm, respectively. Figure 6.5 
(a) is the -2 scan of A1551 by HRXRD. No InGaN peak is observed for this sample 
which indicates that the indium atoms acted as a surfactant during the growth and did 
not incorporate into the film. By PXRD, there is a weak peak at 31.18 which is 
attributed to a thin InN layer which was formed during sample cooling under N plasma 
exposure.  The (11ത01) reflection measured from HRXRD for sample A1551, with an 
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inclined angle of 61.96, has a RC FWHM of 1915 arcsec. Although the (11ത01) rocking 
curve broadening is affected both by tilt and twist, in practice, it is very close to the 
(11ത00) and is used to estimate the twist angle. Based on the dislocation equation 
discussed in section 3.5, ߩ௘ ൌ ∆ఠ೐
మ
ସ.ଷହ௕೐మ 	and	ߩ௦ ൌ
∆ఠೞమ
ସ.ଷହ௕ೞమ, with ∆e and ∆s defined as the 
FWHM of twist and tilt -scans, with be and bs as the Burgers vectors of edge-type and 
screw-type dislocations [6], and for GaN, be=0.3189 nm and bs=0.5185 nm, the screw 
and edge dislocation density of A1551 GaN on TiN is 6.2108 cm-2 and 6.9109 cm-2 
respectively. As reported in Chapter 5, TiN thin films had a RC FWHM 14~22 arcsec. 
After A1551 GaN growth, the TiN thin films RC FWHM increased to 122 arcsec.  
 
Figure 6.4 (a) -2 scan of A1551 by HRXRD and (b) RC FWHM versus the inclined angle . 
6.1.4 GaN Surface Morphology 
Figure 6.5 presents surface morphology and cross-sectional SEM images for the various 
samples. A1542 has a streaky RHEED image at the end of growth and the surface 
morphology by SEM shows filled trenches. A1551 has a spotty RHEED pattern with 
more isolated trenches. The size of the trenches is around 50 nm, slightly smaller than 
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the calculated lateral coherence length from the FWHM value. A1568 is highly 
coalesced with a much flatter surface. Cross-sectional images show that A1551 present 
a columnar growth with a film thickness of 250 nm and A1568 shows a continuous 
growth with a film thickness of 740 nm. Both are close to the thickness obtained from 
SE measurements.  
 
Figure 6.5 SEM surface morphology and cross section of A1542 (a) and (d), A1551 (b) and (e), 
and A1568 (c) and (f) GaN 
6.1.5 GaN Photoluminescence 
Room temperature photoluminescence measurements of GaN films on TiN were 
conducted using an excitation from the 325 nm line of a HeCd laser. A UV bandpass 
filter, centered around the 325 nm line, is placed in front of the laser beam. The laser 
beam hits the sample surface at an angle around 45 and emitted photons were collected 
in the direction normal to sample surface. A photomultiplier was employed as the 
detector. 
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Figure 6.6 shows RT PL measurements from samples A1542, A1551, and A1568. 
A1542 only has a very weak peak around 3.4 eV, which is the band gap of GaN. A1551 
peaks at 3.402 eV with a FWHM value of 106 meV, very close to the FWHM of a 
HVPE grown GaN template of 105 meV. However, A1568 has a peak at 3.213 eV 
besides the weak peak around 3.4 eV, which could be assigned to the recombination of 
shallow donors and acceptors [7].   
 
Figure 6.6 Photoluminescence measurements of A1542, A1551, and A1568 
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6.2 GaN on ZrTiN  
6.2.1 GaN Growth Process  
The sample preparation for ZrTiN, before loading into MBE chamber, was similar to 
that used for the TiN samples, as were the Ga flux conditions used. For sample A1526, 
and prior to GaN growth, the ZrTiN surface was nitridated for 15 min at 760 C.  GaN 
was then deposited at 760 C for 90 s, resulting in a thickness of 12 nm and then heated 
up to 920 C for the main growth. GaN growth was carried out under slightly Ga rich 
conditions. The final GaN film thickness was 660 nm and growth rate as monitored by 
ellipsometry was 10 nm/min.  
Figure 6.7 shows the RHEED images of the epitaxial layers before, during and after 
growth for GaN on ZrTiN buffered sapphire substrates. The ZrTiN before nitridation 
shows mainly a 3D pattern. A 15 min nitridation step did not lead to any change in the 
RHEED pattern. After starting GaN growth under Ga rich conditions, the RHEED 
image turned to an almost purely 2D streaky pattern. 
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Figure 6.7 A1526 GaN growth RHEED images: (a) ZrTiN at 650 C after nitridation before 
growth, (b) GaN after 14 min of growth at 920 C, (c) GaN at the end of 60 min of growth, and 
(d) GaN cooling to 265 C 
Sample A1563 is another GaN growth on ZrTiN using different process conditions. 
Compared to A1526, there was no nitridation of the ZrTiN surface. The starting 
temperature was lowered to 720 C, and the main growth at 800 C (with silicon back 
coating), resulting in a growth rate of 400 nm/hr. The growth condition was still Ga 
rich. The growth time was 100 min resulting in a thin film 690 nm thick with 2D 
streaky RHEED patterns throughout the growth.  
Though both GaN growths had streaky RHEED patterns, the line width for A1526 is 
broader than that of A1563, indicating the shorter coherence length for the latter. These 
results are confirmed by XRD and SEM surface morphology images. Since the starting 
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ZrTiN surfaces are measurably rougher that TiN, RHEED images always show a 
transition from 3D, to mixed 2D+3D, and then 2D during the growth. 
6.2.2 GaN Crystallinity Study 
Figure 6.8 is the XRD -2 scans for A1526 (a) and A1563 (b). For A1526 the GaN 
peak is nearly superimposed with that of ZrTiN peak while for A1563 the GaN peak is 
of high intensity at 34.559 with a shoulder peak for the ZrTiN buffer layer at 
34.544.The lattice mismatch between ZrTiN and GaN is about -0.3% .The Zr content 
in the ZrTiN thin film is close to 76% for both samples. 
A1526 has a RC FWHM from the (0002) reflection, at 34.56, of 1.410 while 
A1563 has a lower RC FWHM of 0.368 (1324 arcsec). The lateral coherence lengths 
for A1526 and A1563 are 10 nm and 38 nm, respectively. The (11ത01) reflection 
measured from HRXRD for sample A1563, with an inclined angle of 61.96, has a RC 
FWHM of 1944 arcsec.  Based on the dislocation equation discussed in section 3.5: 
ߩ௘ ൌ ∆ఠ೐
మ
ସ.ଷହ௕೐మ 	and	ߩ௦ ൌ
∆ఠೞమ
ସ.ଷହ௕ೞమ, with ∆e and ∆s the FWHM of twist and tilt -scans, 
with be and bs the Burgers vectors of edge-type and screw-type dislocations [6], and for 
GaN, be=0.3189 nm and bs=0.5185 nm, the screw and edge dislocation density for 
sample A1563 are 3.3109 cm-2 and 7109 cm-2, respectively. 
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Figure 6.8 XRD -2 scans of (a) A1526 and (b) A1563 
6.2.3 GaN Surface Morphology 
Figure 6.8 displays the top view SEM images for samples A1526 and A1563.  The 
surface of A1526 shows small crystallites. For A1563, which was nucleated at a higher 
temperature, the crystallite size is much larger compared to A1526. The higher 
nucleation temperature for A1563 coupled with a lower deposition rate results in a 
smoother final surface.  
 
Figure 6.8 SEM surface morphology of (a) A1526 and (b) A1563 
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Based on the results of RHEED, SEM, and XRD, it can be concluded that a high 
nucleation temperature is needed for smooth GaN growth on ZrTiN thin films.  
6.2.4 GaN Surface Photoluminesence 
Figure 6.9 shows RT PL measurements from samples A1526 and A1563. Both of them 
show a peak around 3.4 eV, but A1563 has a narrower and sharper peak with a FWHM 
of 73.6 meV.  
 
Figure 6.9 PL measurements of A1526 and A1563 GaN on ZrTiN 
6.3 GaN on ZrN/AlN/Si  
6.3.1 Growth Process 
A1566 GaN was deposited on ZrN/AlN buffered Si substrates. The nucleation and 
growth temperatures were fixed at 620 C. No GaN growth was observed at growth 
temperatures higher than 650 C. The growth rate started with 4 nm/ min and resulted 
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with a GaN layer thickness of 680 nm in 116 min. Similar to previous GaN growths on 
TiN, the deposition rate increased during growth. 
RHEED images in Figure 6.10 show that ZrN thin films started with spotty patterns. 
After 10 min growth, the GaN RHEED images change from a spotty to a streaky 
pattern. RHEED image remained streaky throughout the remainder of the growth. 
 
Figure 6.10 A1566 GaN growth RHEED images: (a) ZrN before growth, (b) GaN after 7 min of 
growth, (c) GaN after 10 min of growth, and (d) GaN after start of cool down 
6.3.2 GaN Surface Morphology 
Figure 6.12 displays the top view and cross-sectional SEM images for A1566.  The 
surface of A1526 shows hexagonal domains with different sizes. They have gaps and 
openings in between. The cross-sectional image shows that the film is continuous with a 
thickness of 740 nm.  
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Figure 6.12 SEM surface morphology and cross-sectional images of A1566 
6.4 InGaN Growth on GaN  
6.4.1 Growth Process 
A1419 InGaN deposition was initially conducted on HVPE grown GaN (~7 μm) 
templates. The GaN template was placed using a Si backing wafer to improve the heat 
distribution. Before InGaN growth, a 220 nm Ga 
+N buffer layer was grown at 920 C. Then, the temperature was lowered to 765 C for 
InGaN growth. The InGaN growth conditions were: an In flux of 6.0  10-7 Torr, a Ga 
flux of 3.55  10-7 Torr, and a N2 plasma at 400 W and 1.00 sccm of N2 flow rate.  
Figure 6.13 (a) shows the RHEED images for an InGaN surface after 3 min of 
growth. The RHEED remained streaky throughout the growth. However, the RHEED 
images turned spotty soon (superposed upon streaky lines) after growth termination. 
This is potentially due to partial InGaN surface decomposition at our growth 
temperature. 
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Figure 6.13 InGaN growth RHEED images: (a) 3 min InGaN growth (b) InGaN few seconds 
after sample cooling starts. 
6.4.2 InGaN Crystallinity Study 
Figure 6.14 shows the -2 scans and RC FWHMs of A1419 InGaN grown on GaN 
templates. InGaN has a RC FWHM from the (0002) reflection, at 33.98, of 840 arcsec 
while the GaN template shows a lower RC FWHM, at 34.556, of 347 arcsec. By 
applying Vegards’ law in the c-direction, the indium content is calculated to be ~17 
percent if strain effects are neglected. The lateral coherence length for InGaN is 63 nm. 
The (11ത01) reflection measured from HRXRD for InGaN, with an inclined angle of 
61.96, has a RC FWHM of 1681 arcsec. The 2 of (11ത01) and (11ത03) are at 61.496 
and 36.61, respectively. Using ଵௗమ ൌ
ସ
ଷ ቀ
௛మା௞మା௛௞
௔మ ቁ ൅
௟మ
௖మ , the average lattice constant ‘a’ 
can be calculated to be 3.202 Å. Based on the dislocation equation discussed in section 
3.5: ߩ௘ ൌ ∆ఠ೐
మ
ସ.ଷହ௕೐మ 	and	ߩ௦ ൌ
∆ఠೞమ
ସ.ଷହ௕ೞమ, with ∆e and ∆s the FWHM of twist and tilt -scans, 
with be and bs the Burgers vectors of edge-type and screw-type dislocations [6], and for 
GaN, be=0.3202 nm and bs=0.5272 nm, the screw and edge dislocation density of 
A1419 InGaN on GaN are 1.3109 cm-2 and 5.3109 cm-2, respectively.  
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Figure 6.14 (a) -2 scans and (b) RC FWHM dependence on inclined angle  of InGaN grown 
on GaN 
 
6.4.3 InGaN Surface Morphology 
Figure 6.15 includes the top and cross-sectional SEM images of A1419 InGaN grown 
on GaN templates. The surface of InGaN is of high coalescence. The open trenches may 
arise from the decomposition of the film while cooling down from growth temperature. 
The cross-sectional view of InGaN shows that the film is continuous and the rough 
sides on the edge are due to cleaving damage.  
 
Figure 6.15 (a) SEM surface morphology and (b) cross section of InGaN grown on GaN 
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6.4.4 InGaN Photoluminescence  
Figure 6.15 is the photoluminescence measurements of A1419 InGaN grown on GaN 
templates. InGaN PL peaks at 2.721 eV. According to	E୥ሺIn୶Gaଵି୶Nሻ ൌ xE୥ሺInNሻ ൅
ሺ1 െ xሻE୥ሺGaNሻ െ bxሺ1 െ xሻ, with Eg (InN)=0.7 eV [8], Eg (GaN)=3.4 eV, and b=1.43, 
indium content in the film is calculated to be 17%, which closely matches that from 
XRD results. InGaN PL has a FWHM of 173 eV, almost twice broader than that for 
sample A1551 GaN on TiN. 
 
Figure 6.15 PL measurement of InGaN grown on GaN template  
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6.5 InGaN Growth on ZrN 
6.5.1 Growth Process 
InGaN growth was conducted on ZrN buffered sapphire substrates. ZrN buffer sapphire 
were placed using a Mo backing wafer. The InGaN growth conditions were: an In flux 
of 6.0  10-7 Torr, a Ga flux of 3.55  10-7 Torr, and a N2 plasma at 400 W and 1.00 
sccm of N2 flow rate. The growth temperatures were fixed at 720 C (A1558), and 800 
C (A1567). 
Figure 6.16 shows the RHEED images for A1558 InGaN growth at 720 C. The ZrN 
surface before deposition shows 2D+3D RHEED image. At the initial growth stage, 
spots and streaky lines can be observed. After some time, RHEED images turned spotty. 
Before cooling down, and during exposure to the N plasma with Ga and In shutters 
closed, the RHEED screen turned to completely dark. After 13 min of N exposure, 
RHEED screen become brighter and streaky lines appeared on the screen. During 
sample cool down, spotty patterns appeared. This is similar to sample A1419 InGaN 
growth.  
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Figure 6.16 A1558 InGaN growth RHEED images: (a) ZrN before growth, (b) InGaN after 10 
min of growth, (c) InGaN before stopping growth (d) GaN after the start of sample cooling. 
Figure 6.17 shows the RHEED images for A1567 InGaN growth at 800 C. ZrN 
before deposition shows 2D+3D imaging modes. At the initial growth stage, spots and 
streaky line can be observed during the growth. After some time, RHEED images 
turned dark and spotty. Instead of N plasma exposure, sample was heated up to 950 C 
for 15 min to remove excess metal on the surface. While cooling down, RHEED images 
have streak lines superposed by spots. 
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Figure 6.17 A1567 InGaN growth RHEED images: (a) ZrN before growth, (b) InGaN 
after 1 min of growth, (c) InGaN after 15 min of growth (d) InGaN cooled to 150 C 
A1558 and A1567 both showed indium rich growth condition according to the dark 
RHEED screen and SE during growth. At the end of A1558 growth, streaky RHEED 
imaging patterns were observed during N exposure with In and Ga shutter closed, which 
indicates the formation of an InN layer. This is confirmed by the presence of an InN 
XRD peak in this sample.  
6.5.2 InGaN Surface Morphology 
Figure 6.19 presents the surface and cross-sectional SEM images of A1567 InGaN 
grown on ZrN. The surface of InGaN consists of small crystallites, which may arise 
from the decomposition of the top layers. The cross-sectional view of InGaN shows that 
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the film is continuous and has a very flat surface. The thickness of A1567 is 640 nm 
from SEM, slightly lower than the thickness from SE, 664 nm. 
 
Figure 6.19 SEM surface and cross-sectional images of A1567 
6.5.3 InGaN Photoluminescence 
No photoluminescence was observed for either sample. There could be several reasons. 
One reason could be the poor quality of InGaN grown on ZrN buffer layers. The second 
reason for sample A1558 might be due to the formation of a lower bandgap InN layer 
which will absorb the InGaN PL signal. A third reason is the decomposition of the top 
layers during sample cooling. Reducing growth temperature and growing a GaN cap 
layer on top of InGaN could possibly achieve better quality thin films. These studies 
should be pursued in the future. 
6.6 Summary  
In this chapter, we presented the growth process of GaN on TiN and lattice-matched 
ZrTiN buffer layers and InGaN thin films on both GaN templates and ZrN buffer layers. 
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We also presented XRD characterization of film crystallinity, SEM surface 
morphologies, and photoluminescence measurements for the samples.  
Here, we will give summaries of the growth process and results. 
6.6.1 Growth Summary 
We deposited GaN on TiN thin films and lattice-matched ZrTiN buffer layers and 
InGaN thin films on both GaN templates and ZrN buffer layers. The observations are 
summarized as following: 
(a) High-temperature annealing is required before III-nitride growth. After the 
annealing, ZrTiN thin films surface ordering improves as displayed by sharper 
RHEED patterns. 
(b) A low-nucleation-temperature step is also required for III-nitride growth on 
conductive transitional layers compared to traditional growth of GaN on GaN 
templates or sapphire substrates. 
(c) In the initial growth stage, metal rich conditions are necessary to achieving 
streaky RHEED patterns. The required time to build up a metal coverage may 
vary with starting temperature and metal flux conditions.  
(d) Metal accumulates fast on the surface once the initial “bilayer” is formed. 
Growth rate was found to increase during the GaN growth and Ga and N 
exposure time had to be closely monitored during the growth. This indicates a 
highly dynamic growth mechanism. 
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(e) GaN and InGaN growth on the metallic layers all display a transition from 3D or 
3D+ 2D, to 2D growth as imaged by RHEED regardless of the starting layer. 
(f) Real growth temperature is hard to determine in MBE GaN on these materials. 
ZrTiN layers being metallic in nature readily absorb heat, especially if using a Si 
back holding wafer. In A1563, GaN growth on ZrTiN, the nucleation 
temperature was 720 C and main growth temperature was 800 C. However, 
for A1568, when trying to repeat the process of A1563 on TiN thin films, the 
nucleation temperature had to be lowered to 700 C, and in the first 20 min, only 
20 nm GaN was grown on TiN as observed by SE.  
(g) InGaN surface tends to rapidly decompose after growth is stopped. Optimizing 
the growth interruption sequence and temperature ramp down step is necessary. 
6.6.2 Results Summary 
We obtained high quality GaN on TiN thin films and lattice-matched ZrTiN buffer 
layers, and InGaN thin films on GaN templates and ZrN buffer layers.  
GaN growth on TiN shows that structured GaN growth with In as a surfactant gives 
the best results even at a thickness of less than 300 nm. Our results of GaN growth on 
TiN buffer layers show the lowest (0002) RC FWHM than any reports in the literature 
for GaN growth on TiN buffer layers using ion assisted MBE [9] and MOCVD [10], 
GaN (0002) RC FWHMs of which are larger than 0.6. The PL measurements on GaN 
grown TiN with a thickness less than 300 nm gave a FWHM of 106 meV, matching the 
FWHM of HVPE grown GaN templates, which is several micrometers thick. 
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GaN growth on lattice-matched ZrTiN buffer layers shows a strong dependence of 
the film quality on the nucleation temperature. RHEED imaging, XRD, SEM, and PL 
results are consistent. For A1526 (GaN on ZrTiN) and A1542 (GaN on TiN), both 
deposited under similar conditions, A1542 GaN growth on TiN has better crystallinity 
though ZrTiN is lattice-matched to GaN. This suggests that for GaN 2D film growth, 
better buffer surface crystallinity and a smoother interface are very crucial. 2D InGaN 
thin films were successfully grown on ZrN buffer layers.  
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Chapter 7  
Conclusion 
7.1 Conclusion 
In this dissertation, we have studied the deposition of high quality transitional nitrides 
buffer layers on Si and Sapphire substrates and demonstrated the growth of III-Nitrides, 
GaN and InGaN, on top of them. The structural, optical, and electrical properties of 
transitional nitrides as well as those of the III-Nitrides epilayers on top were also 
discussed. 
We studied the deposition rate of ZrN using a QCM. The deposition-rate study gives 
a good understanding of the sputtering system and reactive sputtering process. 
Experimental trials taken in the structural optimization process for ZrN show that target 
power, chamber pressure, and N2 flow rate are strongly interrelated. (111) oriented ZrN 
thin films grown at different deposition rates show that the surface roughness increases 
with deposition rate. The film crystallinity, as indicated by RC FWHMs, doesn’t vary 
with growth temperature, but the optical and resistivity property studies show strong 
dependence on this parameter. ZrN thin films are of low resistivity and high reflectivity 
in the visible to near-infrared range even at a thickness below 40 nm. ZrN thin film with 
a thickness of 40 nm has close to bulk resistivity and a carrier relaxation time of 4.2  
10-15 s. More importantly, the ZrN thin films obtained in this study are of high 
crystallinity with the lowest RC FWHM values reported in the literature.   
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For ZrTiN, two sets of (111)-oriented ZrTiN thin films were deposited. Similar to 
binary ZrN results, ZrTiN thin films obtained are all of high crystallinity with extremely 
low RC FWHM values, the lowest reported in the literature as well. XPS studies show 
that the surfaces are oxidized upon exposure to atmosphere and a small amount oxygen 
is present throughout the ZrTiN thin films. The Zr/(Zr+Ti) ratio as measured by XPS is 
close to that from HRXRD and applying Vegard’s law. The optical and resistivity 
studies show that ternary ZrTiN has similar properties with the binaries. ZrTiN 
deposited at low deposition rate has better optical and electrical properties than samples 
deposited at a higher deposition rate. ZrTiN deposited at high and low rates all have 
higher resistivity and lower reflectivity in the near IR region. Increased surface 
roughness in the ternary might be the cause for increased scattering, decreased reflected 
light into the SE detector and poor fitting outcome. It may also be the reason for the 
difference in the resistivity measured from the four point probe and those extracted 
from the Drude model. 
After developing the transitional nitride buffer layers, high quality GaN on TiN thin 
films and lattice-matched ZrTiN buffer layers and InGaN thin films on GaN templates 
and ZrN buffer layers were obtained. 
GaN growth on TiN shows that structured GaN growth with In as a surfactant gives 
best results even at a thickness of less than 300 nm. Our GaN growths on TiN buffer 
layers show lower (0002) RC FWHM than those reported from GaN/TiN/sapphire by 
ion assisted MBE [1] and MOCVD [2]. For our films, RC FWHM is 0.159 while the 
published data are all larger than 0.6. The PL measurements on GaN grown on TiN 
186 
 
with a thickness less than 300 nm gave a FWHM of 106 meV, matching that from 
HVPE grown GaN templates, the thickness of which is 5~7 μm. 
GaN growth on lattice-matched ZrTiN buffer layers shows a strong dependence of 
the film quality on the nucleation temperature. A higher nucleation temperature gives 
sharper RHEED images indicating smoother and better ordered surfaces, lower RC 
FWHMs in XRD, larger crystallites from SEM, and higher PL intensities. For A1526 
(GaN on ZrTiN) and A1542 (GaN on TiN), both deposited under similar conditions, 
A1542 GaN growth on TiN had better crystallinity though ZrTiN is lattice-matched to 
GaN. This suggests that for GaN 2D film growth, better buffer surface crystallinity and 
a smoother interface are very crucial.  
In conclusion, we achieved high quality ZrTiN thin films and demonstrated good 
quality GaN and InGaN III-nitride layers on top of them.  
Extension of my research and future work should entail further optimization of III-
Nitrides on top of developed buffer layers, and investigate the photon recycling aspects 
and interconnect applications of our materials with fabrication of working LED and 
solar devices.  
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